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Abstract 
Reinforced concrete structural walls are one of the most common lateral force-resisting systems 
in buildings located in high seismicity regions. Walled structures are expected to provide significant 
strength and ductility under cyclic earthquake loading. In part, this expectation is based on the 
assumption that current design approaches suppress compression failure of the boundary element. 
However, compression failures observed following recent earthquakes in Chile (2010) and New 
Zealand (2011), suggest that the behavior of reinforced concrete walls may not meet expectation and 
further study is required. 
As part of a larger effort initiated by the National Earthquake Hazards Reduction Program 
(NEHRP) at the National Institute of Standards and Technology (NIST), a research program was 
developed to understand and improve the seismic behavior of concrete walls. This portion of that 
larger research program focuses on evaluation of, prediction of, and recommendations to improve 
boundary elements in structural walls. The research is divided into three phases. The first phase uses 
experimental research methods to evaluate the impact of salient study parameters on vertically loaded, 
large-scale rectangular reinforced concrete prism members that simulate the boundary element of a 
special concrete wall. This experimental program explored the effects of detailing of both transverse 
and longitudinal reinforcement and loading protocol on the compressive confined strength and strain 
capacity of boundary elements. 
In the second phase of research, these experimental results were combined with prior tests to 
evaluate commonly used confined concrete constitutive models and current detailing requirements in 
ACI 318-14. The test results indicate that rectangular reinforced concrete prism members designed to 
meet the minimum ACI 318-14 detailing requirements for special boundary elements exhibit little to 
no significant increase in compressive strength or deformation capacity as compared to boundary 
elements that do not meet those minimum requirements. By looking at the full data set, a hierarchy of 
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detailing parameters was developed. In order of importance, the following detailing parameters are 
shown to increase both strength and strain capacity: (i) ratio of transverse reinforcement spacing to 
longitudinal bar diameter of at most 4.0, (ii) full development of transverse reinforcement legs used 
to restrain longitudinal reinforcement, (iii) buckling restraint for all longitudinal reinforcement, and 
(iv) increased transverse reinforcement ratio. In addition, the results indicate that commonly used 
confined concrete constitutive models over-predict the strength and deformation capacity of ACI 318-
14 compliant boundary elements. A new formulation for this model is proposed and validated to more 
accurately predict compressive performance. In addition, the new formulation is also shown to 
provide accurate prediction of wall performance when it is implemented into modern nonlinear 
analysis techniques. 
The third phase of the research used the results to investigate possible improvements to ACI 318-
14 boundary element detailing requirements. Three performance-based levels of detailing were 
studied, each providing an estimated expected peak stress and strain capacity; the applicability of 
commonly used confined concrete constitutive models was also investigated for each detail level. 
These detailing levels are intended to provide the design engineer with guidance in selecting proper 
boundary element detailing to meet specific performance needs. 
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Chapter 1: Introduction 
Reinforced concrete structural walls are one of the most common lateral force-resisting systems 
in buildings, especially those located in regions of high seismicity. Walled buildings are attractive 
because they are expected to provide a significant amount of lateral strength and stiffness to resist 
moderate seismic demands, and if detailed to meet current code requirements (e.g., ACI 318-14 [1]), 
cyclic ductility to resist high seismic demands. This expected behavior is based on the practice of 
detailing reinforced concrete structural walls to be tension-controlled, which in most structural 
engineering applications is associated with having ample ductility. 
However, observations from recent earthquakes in the Maule region of Chile [2] in 2010, and in 
Christchurch, New Zealand [3] in 2011, indicate that the behavior of reinforced concrete structural 
walls may not meet design assumptions. Reconnaissance missions following these earthquakes 
reported numerous instances of damage indicative of compression failures, where significant crushing 
of the confined core and buckling of the longitudinal reinforcement were observed, sometimes over 
the full length of the wall. 
In response, the National Earthquake Hazards Reduction Program (NEHRP) at the National 
Institute of Standards and Technology (NIST) initiated a multi-phase research effort focusing on the 
performance of reinforced concrete structural walls under seismic loading. The research presented in 
this dissertation is a phase of that larger research effort, and focuses mainly on compressive 
performance of boundary elements (the more heavily confined regions near the wall ends, shown in 
Figure 1.1, where significant strains are expected) within reinforced concrete structural walls. 
 
Figure 1.1. Typical Wall Cross-Section Showing Web and Boundary Element Regions 
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This dissertation presents the results of an experimental program that includes uniaxial testing of 
nineteen (19) large-scale reinforced concrete rectangular prisms that are intended to simulate the 
boundary elements (see Figure 1.1) within reinforced concrete structural walls responding in flexure; 
note that this study is not intended to evaluate shear controlled walls. The experimental program 
focuses on (i) boundary element detailing, (ii) the use of crossties to restrain intermediate longitudinal 
reinforcement, (iii) the effect of fully restrained longitudinal reinforcement, and (iv) load history. In 
addition, a comprehensive analytical program is presented that focuses on the accuracy of existing 
predictive models, and the development of modifications and alternatives to such models in situations 
where they are found to be inaccurate. This analytical program also includes evaluations of both 
existing tests and prototypical wall specimens using the developed modeling parameters. Lastly, 
specific design recommendations are presented for a range of compressive performance goals. 
1.1. Research Objectives 
The purpose of this research is to investigate and improve the compressive performance of 
reinforced concrete boundary elements through both large-scale testing and analytical simulation. The 
specific research objectives are to: 
 Evaluate the compressive performance of reinforced concrete rectangular sections that 
simulate boundary elements within reinforced concrete seismic structural walls with the 
objective of developing a hierarchy of detailing parameters that have the most significant 
effects on strength and deformation. 
 Develop an experimentally-validated constitutive model for unconfined and confined 
boundary elements that can be implemented into modern nonlinear structural wall 
modeling techniques to accurately predict wall performance. 
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 Develop new design recommendations for all aspects of boundary element detailing to 
better meet the expectations of conventional confined concrete models and suppressed 
compression failure. 
1.2. Report Outline 
After this introductory chapter, Chapter 2 presents a comparison of the boundary element 
detailing requirements in ACI 318-14 [1] to those of earlier editions (i.e., 2008 and 2011), followed by 
a brief comparison with the concrete construction code of Chile [4] and New Zealand [5]. Then, the 
chapter presents a summary of the reconnaissance reports following the earthquakes in Chile (in 2010) 
and New Zealand (in 2011), including research needs that emerged following those events. Lastly, the 
chapter summarizes the existing experimental data that is relevant to the study, including a review of 
uniaxial tests on rectangular reinforced concrete prism sections, and tests of large-scale structural walls 
failing in compression. 
Chapter 3 describes the experimental program, including the testing parameters, test specimen 
designs, material properties, construction, test setup and testing procedure, and the instrumentation. 
Chapter 4 presents the detailed measured experimental data, including observations from each test 
specimen in the experimental program. The experimental results are discussed for each of the nineteen 
(19) individual specimens, with each section providing specific information on the load-displacement 
response, measured strain distributions, strain gauge data, and out-of-plane deformation for each 
specimen. The chapter concludes with a comparison of the measured response of the specimens based 
on the raw test data. 
Chapter 5 presents comparisons of the measured strength and deformation response of prism 
specimens, focusing on testing parameters and detailing from this and prior research programs. 
Furthermore, multiple sets of specific boundary element detailing requirements are presented, each of 
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which represents a specific degree of compressive strength and strain capacity; these sets of 
requirements are referred to as performance-based detailing levels. 
Chapter 6 presents the simulations that were conducted to better model boundary elements and 
structural walls with poor and substandard levels of confinement. First, the accuracy of existing 
predictive models is evaluated. Next, modifications to conventionally implemented confinement 
models are proposed and validated using the full range of prism data. Finally, this predictive tool is 
used to model structural wall tests that exhibit a softening response in compression but are not 
influenced by shear. These methods are also the basis of an investigation into the effect of boundary 
element length on wall performance based on a suite of prototypical walls modeled using the validated 
confined concrete model. 
Chapter 7 presents detailing recommendations based on the research presented in this dissertation. 
The chapter summarizes the prior work and is intended to provide enough background to be stand 
alone. The information in this chapter is intended to inform and benefit design engineers in that it 
both identifies the relatively poor performance associated with certain boundary elements meeting the 
minimum detailing requirements in ACI 318-14 [1], and provides simple tools to predict the strength 
and ductility based on detailing. The chapter also presents proposed performance-based detailing 
levels and associated expected strength and strain capacity, as well as the applicability of existing 
predictive models. 
Chapter 8 presents a summary of work and conclusions from the research program presented in 
this report. In addition, recommendations for future work are made. 
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Chapter 2: Literature Review 
Recent earthquakes have demonstrated the vulnerability of concrete walls. In particular, there is 
concern about the compressive response of boundary elements. This research project was undertaken 
to study the impact of salient confinement details on strength and deformability. This chapter 
considers prior work on compressive boundary elements with an eye towards developing the 
experimental testing program. The chapter is organized into three parts: research impetus, 
experimental testing of specimens representing structural wall boundary elements, and large-scale 
experimental testing of reinforced concrete structural walls. 
The research was initiated due to the seismic performance of walls in recent earthquakes. The 
initial part of the chapter reviews both code requirements and the seismic performance of walled 
buildings. Section 2.1.1 is a comparison of ACI 318-11 [6] (no difference for boundary elements from 
ACI 318-08 [7]) and ACI 318-14 [1]. In addition, Section 2.1.1 compares the U.S. code (ACI 318) to 
those of Chile [4] and New Zealand [5]. This information is prudent as the research in this report is 
based on observed wall performance following earthquakes in Chile [2] and New Zealand [3], as 
described in Section 2.1.2. Section 2.1.2 presents the results of seismic testing (building scale) in Japan, 
however the results are discussed in terms of ACI 318 requirements, and therefore a comparison with 
the Japanese concrete code is not necessary. Section 2.1.3 summarizes published research needs with 
respect to U.S. construction as a result of the wall performance observed following the 2010 Maule 
region earthquake in Chile. 
To develop the experimental program, prior experimental research was gathered and evaluated. 
Section 2.2 focuses on the existing database of experimental testing on rectangular reinforced concrete 
prism compression members. Many of these tests simulated compressive boundary elements within 
structural walls, however the review is not limited to only those tests. The objective of this review is 
to ensure that the experimental research program does not duplicate existing tests, and to identify gaps 
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in the literature. In addition, a rectangular prism database of these tests was developed and used to 
evaluate salient parameters on the compressive response of, and to validate the proposed predictive 
strength and deformation capacity expressions for confined rectangular regions in reinforced concrete 
walls. 
Section 2.3 gathers a selected database of structural wall tests. The wall-test database focuses on 
wall tests that (i) failed due to compressive damage in the boundary element, and (ii) had low-to-
moderate levels of shear stress demand (less than 5.0*√fc’ psi). The measured force-displacement data 
are used to validate the proposed confined concrete constitutive model, including compressive energy, 
as discussed in Chapter 6 (see Figure 6.33). The proposed modeling techniques were developed and 
calibrated to the rectangular prism test data obtained from this research program; evaluation of 
supplemental prism data (from the database) and wall tests provide an independent means of model 
validation. 
2.1. Research Impetus 
This section provides information that taken together forms the impetus of this research project. 
First, a comparison of pertinent editions of ACI 318 (2008, 2011, and 2014) is presented, along with 
comparisons with concrete constructions codes from Chile and New Zealand. Second, the 
performance of reinforced concrete buildings following recent earthquakes and seismic testing is 
reviewed. Finally, pertinent research needs published with respect to performance of reinforced 
concrete walls are provided. 
2.1.1. Summary of ACI 318 Detailing Provisions, and Comparisons to Applicable Codes 
This section presents the current ACI 318-14 [1] provisions for boundary elements in special 
reinforced concrete structural walls. Furthermore, the current provisions are compared to those of 
previous editions (2008 and 2011). Note that the boundary element detailing requirements in ACI 
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318-11 [6] and ACI 318-08 [7] are identical, and therefore comparison is made jointly for these editions 
to avoid repetition.  
ACI 318 prescribes detailing requirements for “non-special” and special boundary elements 
(SBEs) within special reinforced concrete structural walls. ACI 318 does not have specific 
nomenclature for “non-special” boundary elements, and therefore such boundary elements are 
henceforth referred to as “ordinary” boundary elements (OBEs); OBEs are used when SBEs are not 
required. SBEs are required per ACI 318-14 [1] and ACI 318-08/11 [7], [6] where significant 
compression strains are expected, which is determined based on the neutral axis depth using Equation 
2.1 and Equation 2.2, respectively. Note that for 2% drift (as is commonly assumed), these equations 
result in the need for special boundary elements where the neutral axis is at least 6% or 8% of the wall 
length, respectively. 
 c ≥ 
lw
600(1.5δu/hw)
 Equation 2.1 
 c ≥ 
lw
600(δu/hw)
 Equation 2.2 
 
Recent changes to the 2014 edition are based heavily on the recommendations by Wallace [8], and 
include new vertical spacing limits for transverse reinforcement in OBEs, spacing limits for restrained 
longitudinal bars in all boundary element types, the trigger for requiring SBEs, and minimum thickness 
requirements. Table 2.1 outlines the detailing requirements for OBEs and SBEs for both ACI 318-14 
[1] and ACI 318-08/11 [7], [6], with changes indicated in red. Figure 2.1 is a representative boundary 
element cross-section with the various detailing parameters indicated. Variables not shown on the 
figure include lw, the wall length, hu, the unbraced height of the wall, c, the neutral axis depth calculated 
at the nominal moment with expected axial loads, Ag, the gross cross-sectional area, Ach, the confined 
concrete core area, fc’, the 28-day cylinder compressive strength, and fyt, the yield strength of the 
transverse reinforcement. 
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Table 2.1. Comparison of ACI 318-14 [1] and ACI 318-08/11 [7] [6] Boundary Element Detailing Requirements 
  ACI 318-08 [7] / ACI 318-11 [6] ACI 318-14 [1] 
B.E. 
Class 
Design Par. 
Code 
Section 
Provision Code Section Provision 
OBE 
lbe,min 21.9.6.4a 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 18.10.6.5 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 
bmin - - 18.10.6.4a,b 𝑚𝑎𝑥 {
ℎ𝑢/16
12"
 
hmax 21.6.4.2 14” 18.7.5.2e 𝑚𝑖𝑛 {
2𝑏/3
14"
 
smax 21.6.4.3 8” 18.10.6.5 𝑚𝑖𝑛 {
6𝑑𝑏
6"
 
Ash,min 21.6.4.4 No Requirement - No Requirement 
Crosstie 
Hook Ext,’s 
2.2 (7.1.4) 𝑚𝑎𝑥 {
6𝑑𝑏
3"
 25.3.2 𝑚𝑎𝑥 {
6𝑑𝑏
3"
 
SBE 
lbe,min 21.9.6.4a 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 18.10.6.5 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 
bmin - - 18.10.6.4a,b 𝑚𝑎𝑥 {
ℎ𝑢/16
12"
 
hmax 21.6.4.2 14” 18.7.5.2e 𝑚𝑖𝑛 {
2𝑏/3
14"
 
smax 21.6.4.3 𝑚𝑖𝑛 {
𝑏/3
6𝑑𝑏
4 + (
14 − ℎ𝑥)
3
)
 18.10.6.5 𝑚𝑖𝑛 {
𝑏/3
6𝑑𝑏
4 + (
14 − ℎ𝑥)
3
)
 
Ash,min 21.6.4.4 0.09
𝑠𝑏𝑐𝑓𝑐
′
𝑓𝑦𝑡
 18.10.6.4f 𝑚𝑎𝑥
{
 
 
 
 0.3𝑠𝑏𝑐 (
𝐴𝑔
𝐴𝑐ℎ
− 1)
𝑓𝑐
′
𝑓𝑦𝑡
0.09
𝑠𝑏𝑐𝑓𝑐
′
𝑓𝑦𝑡
 
Crosstie 
Hook Ext,’s 
2.2 (7.1.4) 𝑚𝑎𝑥 {
6𝑑𝑏
3"
 25.3.2 𝑚𝑎𝑥 {
6𝑑𝑏
3"
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Figure 2.1. Annotated Schematic Boundary Element Cross-Section 
As the research impetus for this project is closely tied to the damage observed in Chilean wall 
structures following the 2010 Maule region earthquake [2], it is prudent to make note of the Chilean 
concrete building code (NCh430.Of2008 [4]) as well, which is based on ACI 318-08 [7]. Detailing 
requirements prescribed in NCh430.Of2008 [4] match those documented in ACI 318-08 [7], with the 
exception of special boundary element detailing, which is not required [9]. Therefore, the detailing of 
boundary elements in Chilean walls is only required to meet the equivalent of the ACI 318-08 [7] 
requirements for ordinary boundary elements (OBEs). 
The research impetus for this project is also based on the observed damage in New Zealand [3]. 
Although this code (NZS 3101-1 2006) is not based on ACI 318, it does include many similar boundary 
element detailing requirements. For example, longitudinal bars must be restrained at most every 200 
mm (not that this is nearly half the maximum presented in ACI 318-14 [1]) using a hoop or seismic 
crosstie (with at least a 135o hook). Also, the transverse reinforcement must be vertically spaced a 
maximum of six (6) times the longitudinal bar diameter; similar (to ACI 318-14 [1]) minimum 
transverse reinforcement ratios and minimum boundary element lengths are also required. 
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2.1.2. Response of Reinforced Concrete Wall Structures under Seismic Demands 
Observations from recent earthquakes including the 2010 Maule earthquake in Chile [2], and the 
2011 Christchurch earthquake in New Zealand [3] provide insight into the performance of modern 
reinforced concrete structural walls. Following both earthquakes, several compression failures (often 
crushing and bar buckling along nearly the entire wall length, as described further in Section 2.1.2.1) 
were reported. Reconnaissance reports clearly indicate the need for further investigation into such 
compression failures. These observations are not necessarily surprising, as similar behaviors have been 
shown in laboratory structural wall tests, as is described in Section 2.1.2.3. 
In addition, full-scale earthquake-simulator testing performed in Japan provides an excellent 
opportunity to compare the seismic performance of reinforced concrete wall buildings under seismic 
demands in a laboratory and the field. This section provides a summary of the initial reconnaissance 
reports published by the Earthquake Engineering Research Institute (EERI), as well as the reports 
and observations following the building testing performed in Japan. 
2.1.2.1. Post-Earthquake Observation of Reinforced Concrete Wall Damage in Maule Region, Chile, 
2010 
On February 27, 2010, a Mw 8.8 earthquake struck the Maule region of Chile, one of the largest 
recorded earthquakes in history. According to an EERI Special Earthquake Report [2], ground 
accelerations of at least 0.05g were recorded for more than 2 minutes. The epicenter was located on 
the coast in a densely populated region of Chile between Concepción and Constitución, with ground 
shaking occurring as far North as Viña del Mar. Maximum ground accelerations as high as 0.93g 
(horizontal) were recorded [10] (the maximum vertical acceleration was measured at 0.70g), although 
the EERI report indicates that certain accelerometer stations reported reaching the maximum 
instrumentation limit, and therefore likely true maximums might have been over 1.0g. 
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As discussed in the EERI report [2], the majority of large buildings in Chile are constructed using 
reinforced concrete structural wall systems, typically in a fishbone-like configuration (fishbone refers 
to a configuration in which a pair of walls runs the length of the building, with orthogonal, connected 
walls in the transverse direction). An example of this configuration type is the Festival building in Viña 
del Mar, shown in Figure 2.2. This type of building layout resulted in asymmetric (i.e., T-shaped or L-
shaped) wall sections that were often under 8 in. thick due to the lower demands (i.e., shear and axial 
load) in a more redundant system as compared with a core-wall type structure. Asymmetric wall 
sections are typically associated with larger compression demands due to unbalanced normal forces 
and higher extreme strains in the stem. 
 
Figure 2.2. Floor plan of Festival building in Viña del Mar [8] 
Numerous buildings of this layout exhibited apparent compression failures in the lower floor(s) 
“transverse” walls. These failures typically included crushing of the concrete core along the full length 
of the wall, as well as longitudinal bar buckling. Some examples of this failure mechanism are shown 
in Figure 2.3. Note the wall shown in Figure 2.3(b) is planar at the ground floor, however is flanged 
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above; such a configuration can lead to significant strain demands at the ground floor from the 
unbalanced normal forces above. 
 
 
(a) (b) 
Figure 2.3. Wall damage in Santiago, Chile [11] (photo: J. Wallace (a), J. Dragovich (b)) 
The final damage state consistently appears to be a combination of core crushing and bar buckling, 
as shown in the additional photos in Figure 2.4. This observation suggests a strong relationship 
between the strength/deformation capacity of structural walls, and the stability of the longitudinal 
reinforcement/integrity of the confined core. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 2.4. Chilean wall damage [11] (a) photo: F. Naeim (b) photo: F. Naeim (c) photo: J. Moehle (d) photo: J. 
Dragovich (e) photo: J. Moehle (f) photo: J. Moehle 
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Some damaged walls appeared to exhibit evidence of large tensile strains prior to compressive 
failures [11]. Large tension cycles near the extreme boundary fibers of a wall typically result in 
significant horizontal cracking and yielding of longitudinal reinforcement, which has been shown to 
result in drastically reduced wall compressive capacity [12]. An example of this behavior was observed 
in the Plaza del Rio building in Viña del Mar, shown in Figure 2.5, however it is important to note 
that this is more of a wall pier as opposed to a wall. Wall piers are portions of a structural wall separated 
in some fashion (typically horizontally) from the main wall by an opening. 
  
Figure 2.5. Wall damage of Plaza del Mar Building in Viña del Mar [11] 
2.1.2.2. Post-Earthquake Observations of Reinforced Concrete Walls in Christchurch, New Zealand, 
2010 and 2011 
On September 4, 2010, a Mw 7.1 earthquake struck the Canterbury region of New Zealand [13]. 
The earthquake was located relatively far form largely populated areas, and therefore minimal 
structural damage occurred there. However, on February 22, 2011, a Mw 6.3 earthquake, struck near 
the most populated area in the region, the city of Christchurch [3]. This earthquake, considered an 
aftershock of the September 2010 earthquake, resulted in more casualties and structural damage due 
to its closer proximity and higher level of shaking. Figure 2.6 shows relative locations of the two 
earthquakes, where the stars indicate the epicenter locations. 
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(a) (b) 
Figure 2.6. Epicenter Location for Christchurch Earthquakes in (a) 2010, and (b) 2011 [14] 
A reconnaissance team organized by EERI and the Pacific Earthquake Engineering Research 
(PEER) Center investigated and reported on the effects of the second earthquake [3]. The majority of 
buildings over four stories in Christchurch are reinforced concrete construction, typically using 
moment-frames or structural walls as the primary lateral-load resisting systems. These structures 
performed as intended during the earthquake, with the exception of a few compression failures noted 
in the report; examples are shown in Figure 2.7 and Figure 2.8.  
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Figure 2.7. Compression damage to reinforced concrete structural wall in Christchurch, NZ [3] (photo: Sritharan) 
 
Figure 2.8. Damage to reinforced concrete structural wall in Christchurch, NZ [3] (photos: Sritharan, Elwood) 
As noted in the report, the compression damage was extensive although walls have been properly 
detailed per the existing requirements of the New Zealand concrete construction code, NZS 3101-1 
2006 [5]. The report specifically identified the lower floor(s) of five to fifteen-story buildings as 
exhibiting the majority of compression failures.  Figure 2.8 shows damage to an L-shaped wall, where 
the ends experienced large tensile and compressive strains, due to its configuration, resulting in what 
appears to be a compression failure mode. 
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2.1.2.3. Structural Testing of Full-Scale Reinforced Concrete Building, Japan, 2015 
This section presents the results of an investigation on reinforced concrete building performance. 
This discussion is included here as it shows the presence of compression failures in structural walls as 
part of a building system, similar to the observations from the earthquakes described above. Nagae et 
al. [15] performed a shake table test of a full-scale, four-story reinforced concrete building using multi-
directional loading at the E-Defense facility in Japan. The building consisted of reinforced concrete 
moment frames in one direction, and reinforced concrete structural walls in the other; both systems 
were designed to meet AIJ (Architectural Institute of Japan) [16], the Japanese seismic construction 
code, however were reported in terms of ACI 318-11 [6].  
As noted in the report, there were major revisions to both the U.S. and Japanese design codes in 
the 1970’s and 1980’s as a result of poor performance following major earthquakes in each country. 
Despite improvements to the Japanese code, reinforced concrete buildings sustained significant 
damage following the more recent 1995 Hyogoken-Nanbu earthquake in Japan. Review of this study 
is limited to the performance of the structural walls in the laboratory test. A photo of the structure 
prior to testing is shown in Figure 2.9 for reference. 
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Figure 2.9. Photo of Full-Scale Structure Specimen on the E-Defense Shake Table [15] 
The purpose of the test performed by Nagae et al. [15] was to investigate and quantify the 
performance of reinforced concrete lateral systems designed to current (2010) Japanese codes. 
However, included in the report was an investigation into the compliance of the structural systems 
with respect to ACI 318-11 [6], the latest version at the time of testing. The authors noted that the 
walls met the design requirements per ACI 318-11 [6] for special structural walls; some of the 
boundary elements met the requirements for special boundary elements. 
Wall construction details are shown in Figure 2.10. As shown, the walls were approximately 10 in. 
thick, and just over 8 feet long, with boundary element transverse reinforcement vertical spacing 
ranging from about 3 to 4 in. centers (s/db of 4.2 or 5.3); those with 3 in. spacing were considered 
special boundary elements. The transverse reinforcement ratios in each dimension of the boundary 
element were about 1.0% and 0.8%. 
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Figure 2.10. Wall Construction Details of E-Defense Test (dimensions in mm) [15] 
For comparison purposes (with ACI 318-11 [6]), the two types of walls are assessed here with 
respect to the detailing requirements for boundary elements in ACI 318-14 [1]. The type-A walls (See 
Figure 2.10) are considered special per ACI 318-11 [6] however do not meet the new minimum 
transverse reinforcement ratio requirements in ACI 318-14 [1], and therefore would now be 
considered ordinary. The type-B walls are considered ordinary by both editions. The neutral axis depth 
is unknown (as the loading conditions were not specifically reported), and therefore an evaluation is 
not possible, however the minimum boundary element length requirement did not change between 
ACI 318-11 [6] and ACI 318-14 [1] and therefore it is expected that the boundary element length 
would still be considered sufficient. 
Following the multi-directional testing, the walls exhibited significant compressive failures at each 
end over a height of approximately 11.8 in. from the base. The compression failures included crushing 
of the concrete and bar buckling of the longitudinal reinforcement within the boundary elements. The 
authors specifically noted that regardless of the fact that the boundary elements met (or nearly met in 
the case of 4 in. spacing) the requirements for special boundary elements (per ACI 318-11 [6]), the 
magnitude and type of observed damage was surprising, suggesting the need for further investigation. 
A photo of the wall damage observed following the test is shown in Figure 2.11. 
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Figure 2.11. Wall Damage Following E-Defense Shake Table Test [15] 
 The results of the shake table test indicate that the ACI 318-11 [6] (and as such ACI 318-14 [1], 
due to its similarities) design requirements for special boundary elements within special structural walls 
require further investigation, specifically with respect to the compressive performance of boundary 
elements. 
2.1.2.4. Summary of Observed Seismic Wall Performance 
The observations discussed above appear to present a number of trends, as follows: 
 The majority of compression failures occurred in midrise buildings, ranging anywhere 
from five to twenty-story reinforced concrete buildings. 
 Observed damage indicated that walls responded in flexure, however some also exhibited 
a secondary influence of shear, as many compression failures extended nearly the entire 
length of the wall. 
 Boundary elements (and in many cases the wall webs) exhibited heavy compression 
damage marked by apparent crushing of the confined core and bar buckling. 
The next section presents published specific design and demand issues listed in the literature as 
possible contributing factors to the trends listed above. 
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2.1.3. Published Research Needs 
Observations following recent earthquakes in Chile (2010 [2]) and New Zealand (2011 [3]), as well 
as observations from structural testing, indicate the need for further research into reinforced concrete 
wall performance. Due to the similarities between the Chilean code (NCh430 [4]) and the U.S. code 
(ACI 318-11 [6]), the majority of published research needs are based on observations from the 2010 
Maule region earthquake in Chile. 
This section summarizes the aspects of demand and design that are listed in the literature as 
possible contributing factors to compression failures. The research in this dissertation is focused on 
the component-level damage states, and therefore building configuration issues are not presented. 
2.1.3.1. Loss of Compressive Capacity of Confined Core 
Crushing of the concrete core was observed in several buildings following the 2010 Chile 
earthquake [17]. In some cases, this damage was observed over nearly the entire length of the wall. An 
example of this type of failure is shown in Figure 2.12. As noted by Telleen et al. [18], the compressive 
strain capacity of confined concrete may not be as high as commonly expected. The performance of 
confined concrete is related to the amount and configuration of confining steel, and therefore this 
recommendation calls for a better understanding of the specific effects on strain capacity of various 
detailing parameters. 
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(a) (b) 
Figure 2.12. Core Crushing along the Length of the Wall [17] 
The need for further research into the effects of various boundary element detailing requirements 
is also suggested in a summary of recommendations outlined following a meeting [19] (henceforth 
referred to as the “ASCE Chilean Earthquake Meeting”) of experts. As described in the reference, 
arranged by the American Society of Civil Engineers (ASCE), the National Institute of Standards and 
Technology (NIST), and the Pacific Earthquake Engineering Research (PEER) Center, research on 
boundary element detailing is necessary to address compression in wall boundary elements, and even 
provide recommendations for future code revisions. 
2.1.3.2. Loss of Capacity Initiated by Bar Buckling 
Experts also believe that bar buckling may have initiated the compression failures observed 
following the Chile earthquake. Using this, it is hypothesized that the longitudinal reinforcement may 
have buckled prior to crushing of the core, possibly as a result of significant prior tensile strains. Figure 
2.13 shows an example of where this failure mechanism may have occurred. 
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Figure 2.13. Compression Failure Initiated by Bar Buckling (photo: J. Dragovich) 
Telleen et al. [18] and the report published following the ASCE Chilean Earthquake Meeting [19] 
both note that significant tensile strains may result in uneven yielding of the longitudinal 
reinforcement, which may result in eccentric compression loading of the core even prior to complete 
crack closure. This would indicate that the observed compression failures could have been initiated 
by bar buckling, as opposed to core crushing. Both reports recommend further review of the effect 
of significant tensile strains on confined wall boundary elements. 
2.1.3.3. Loss of Capacity Due to Large Axial Loads 
Significant axial load ratio is cited multiple times as a likely cause for unexpected compression 
failures in reinforced concrete walls. Wallace [8] argues that axial load ratio played an integral role in 
the observed damage behavior of Chilean walls. Wallace notes that high axial load ratios (in the range 
of 25% to 35% of fc’*Ag, noted as being unfactored gravity loads based on the load combination [D + 
0.25*L]) may reduce the strength and deformation capacity of structural walls. Neither Chilean nor 
U.S. concrete construction codes limit the axial load ratio in structural wall design, however larger 
neutral axis depths (such as may be caused by high axial load ratios) do trigger the necessity of special 
boundary elements in ACI 318. Wallace asserts that the presence of such limits would likely have 
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resulted in better wall performance in Chile. The report from the ASCE Chilean Earthquake Meeting 
[19] also indicates the lack of prescriptive limits on axial load ratio in U.S. codes, and notes that this 
parameter likely had a significant impact on wall performance. Note, however, that the axial load ratio 
varies based on earthquake demand because it is a combination of gravity loads and earthquake loads. 
2.2. Experimental Testing of Rectangular RC Compression Members 
Ideally, large-scale wall tests would be performed to study all of the wall-level research issues 
including: (i) detailing of boundary elements, (ii) shear and axial demands on boundary elements, (iii) 
loading-history (e.g., tensile pre-strain), (iv) cross-section asymmetry, and (v) wall instability. However, 
time and research budget constraints did not permit this type of study. Instead, this research focuses 
on the compressive response of the boundary element subcomponent and then extends that 
knowledge to simulate previously tested walls. 
As the boundary element region primarily resists the flexural demands within a structural wall 
through tension and compression loading, uniaxial testing of rectangular reinforced concrete prism 
specimens were used to simulate the compressive performance of boundary elements. More detailed 
information on how rectangular reinforced concrete prism specimens relate to structural wall 
performance can be found in Chapter 3. 
To better understand the prior literature on boundary elements, test data were collected and 
reviewed. Table 2.2 summarizes the existing experimental database of rectangular reinforced concrete 
prism specimens, which were typically assumed to simulate the compressive boundary element region 
of a structural wall. Ranges of the ratio of transverse reinforcement spacing to the longitudinal bar 
diameter, s/db, and major axis (parallel to thickness direction) transverse reinforcement ratio, ρ2, are 
listed for each experimental program.  The table also indicates the range of detail classifications 
included in each experimental program.  
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Detailing classification is based on the level of compliance with the requirements for boundary 
elements in special reinforced concrete structural walls prescribed in ACI 318-14 [1], which is 
described even further in Chapter 3. In general, test specimens are classified in one of four categories: 
(1) non-compliant boundary elements (NBE), (2) ordinary boundary elements in a special (seismic) 
concrete wall (OBE), (3) special boundary elements (SBE), and (4) extra reinforcement in special 
boundary elements, where all longitudinal reinforcement is restrained by legs of transverse 
reinforcement (xSBE). NBE specimens do not meet the ACI 318 requirements for boundary elements 
within special structural walls, while OBE specimens meet the minimum requirements. SBE and xSBE 
specimens meet the requirements for special boundary elements within special reinforced concrete 
structural walls. 
Table 2.2. Summary of Experimental Database of Boundary Element Specimens 
Author 
ACI 
Compliance 
s/db 
Range 
ρ2 (%) 
Range 
Loading Types 
Mander et al., 1988 
[20] 
OBE, xSBE 1.5 – 6.0 0.9 – 5.8 Compression 
Acevedo et al., 
2010 [12] 
NBE 10.7 0.3 Tension, Compression 
Creagh et al., 2010 
[21] 
OBE+ 2.7 1.6 Tension, Compression 
Minami and 
Nakachi, 2012 [22] 
NBE, OBE, 
xSBE 
2.7 – 5.5 1.3 – 2.6 Compression 
Chrysanidis and 
Tegos, 2012 [23] 
NBE 10.5 0.9 Tension, Compression 
Massone et al., 
2014 [24] 
NBE, OBE 5.6 – 8.3 0.4 – 0.8 Tension, Compression 
 +Meets SBE requirements in ACI 318-08/11 [7], [6] 
The experimental studies summarized above are described in further detail throughout this section 
and are used for evaluation of the constitutive model and recommendations for boundary element 
detailing in Chapter 6 and Chapter 7. Note that not all of the existing database specimens were relevant 
for the experimental program of this research program; instead, the body of work is useful in 
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identifying parameters of interest, and ensuring that the experimental program does not significantly 
overlap existing data. 
2.2.1. Mander et al., 1988 
Mander et al. [20] experimentally investigated the compressive performance of circular, square, 
and rectangular reinforced concrete prism sections. The work formed the basis for constitutive 
confined concrete models published by the same authors [25]; this predictive model is described and 
used in Chapter 6. It is commonly used by practitioners to evaluate the compressive response of the 
confined regions in walls [26], [27]. 
The experimental study focused on the impacts of detailing on the compressive performance 
including the amount and spacing of the transverse reinforcement, the configuration of the transverse 
reinforcement within the cross-section, and the amount of longitudinal reinforcement. The following 
summary is limited to the rectangular specimens, which are of the greatest interest here in conjunction 
with consideration of wall boundary elements. 
The experimental program included 16 rectangular reinforced concrete prism specimens, tested in 
dynamic compression. All of the specimens were approximately 6 in. thick and 27.5 in. long, as shown 
in Figure 2.14. The height over which the reinforcement pattern of interest was installed was 
approximately 24 in., with an additional 12 in. above and below constructed with a denser 
reinforcement cage (as such, no enlarged cap and base loading blocks were installed at the ends). This 
configuration resulted in a failure region near the middle of the specimen to minimize boundary 
effects. The unconfined compressive strength was between 4 and 6 ksi. The yield strength of the 
transverse and reinforcement was between 42 and 47 ksi, and between 45 and 49 ksi for the 
longitudinal reinforcement. 
Specimens conformed to one (1) of nine (9) unique horizontal detailing configurations. The first 
(not shown) detail configuration did not have transverse reinforcement and served as a reference 
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specimen. The eight (8) other cross-sectional configurations are shown in Figure 2.14 (note that these 
cross-sections were redrawn from the original publication for clarity of the specific configuration of 
the transverse reinforcement). Table 2.3 summarizes the salient specimen design parameters including: 
major transverse reinforcement ratio, ρ2, the s/db ratio, and the type of detail used (Figure 2.14(a-h)). 
An elevation is shown (as published) in Figure 2.15. 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
  
(g) (h) 
Figure 2.14. Specimen Transverse Reinforcement Configurations by Mander et al. [20] 
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Figure 2.15. Representative Specimen Elevation by Mander et al. [20] 
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Table 2.3. Specimen Test Matrix by Mander et al. [20] 
Specimen1 ρ2 s/db 
hx 
(in.) 
Detail BE Class 
Wall 1 2.7% 2.1 3.6 Figure 2.14(a) xSBE 
Wall 2 2.7% 2.1 3.6 Figure 2.14(a) xSBE 
Wall 3 2.7% 4.2 3.6 Figure 2.14(b) xSBE 
Wall 4 2.7% 2.1 3.6 Figure 2.14(c) xSBE 
Wall 5 0.9% 6.0 3.6 Figure 2.14(a) OBE 
Wall 6 4.2% 3.5 3.6 Figure 2.14(d) xSBE 
Wall 9 2.7% 2.1 3.6 Figure 2.14(a) xSBE 
Wall 10 2.7% 1.6 3.6 Figure 2.14(e) xSBE 
Wall 11 1.4% 3.1 3.6 Figure 2.14(e) xSBE 
Wall 12 4.2% 2.6 3.6 Figure 2.14(f) xSBE 
Wall 13 5.8% 2.5 6.2 Figure 2.14(g) xSBE 
Wall 14 2.3% 2.5 6.2 Figure 2.14(h) OBE 
 1. Mander et al. [20] use the “Wall” for rectangular specimens, this does not indicate an actual wall test. 
The details in Figure 2.14(a,d,e,f) include a large rectilinear hoop around all of the longitudinal 
reinforcement, with rectilinear hoops around each unique set of four (4) intermediate longitudinal 
bars. This type of detail results in a single leg of a rectilinear hoop restraining each longitudinal bar 
from buckling.  
The detail in Figure 2.14(b) includes a large rectilinear hoop around all of the longitudinal 
reinforcement, in addition to staggered rectilinear hoops along the width of the cross-section. This 
detail results in two (2) legs of rectilinear hoops restraining each longitudinal bar from buckling. 
The details shown in Figure 2.14(c,g,h) consist of a large rectilinear hoop around all of the 
longitudinal bars, and crossties with 180o-180o restraining the intermediate longitudinal bars. 
Figure 2.16 shows a comparison of the results from two unique specimen types (Walls 1/2 and 4) 
with similar transverse reinforcement ratio, but different configuration. The authors noted that Wall 
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1 failed prematurely, and was not considered to be a legitimate test. Wall 2 (an identical specimen) is 
therefore used for this comparison, the results for which are shown in Figure 2.16(b). Note that Wall 
2 and Wall 4 results were not published on the same figure, and therefore the comparison must be 
made using both Figure 2.16(a) and Figure 2.16(b). As shown, the strength and deformation capacity 
of Walls 2 and 4 are similar. This suggests that replacing legs of rectilinear hoops with 180o-180o 
crossties results in nominally identical compressive performance. 
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(a) 
 
(b) 
Figure 2.16. Results of Rectangular Specimens with 180o-180o Crossties by Mander et al. [20] 
The results show that spacing of the transverse reinforcement plays a more significant role than 
transverse reinforcement ratio in relation to the compressive performance. For example, consider 
Walls 2 and 3, where both specimens had a transverse reinforcement ratio of 2.7%, horizontal spacing 
of longitudinal reinforcement of 3.6 in., and s/db ratios of 2.1 and 4.2, respectively. As shown in Figure 
2.16(a) and Figure 2.16(b), the normalized confined core strengths, fcc’/fc’ (that is, the peak stress 
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measured in the confined concrete core divided by the test day cylinder compressive strength), of 
Walls 2 and 3 were approximately 2.1 and 1.7, respectively. The axial strain capacities for Walls 2 and 
3 were approximately 4.1% and 2.8%, respectively. These results indicated that a smaller s/db ratio 
results in significantly improved performance. It should be noted that the s/db ratio of these two 
specimens are much smaller than the ACI 318-14 [1] upper bound limit of 6db. 
The results also indicate horizontal spacing of longitudinal bars is influential. Figure 2.17 shows 
the results from Walls 12 and 13, both of which had a similar transverse reinforcement ratios and s/db 
ratios (2.6 and 2.5, respectively), however Wall 13 had a much lower longitudinal reinforcement ratio 
as compared with Wall 12, 1.1% and 3.1%, respectively. The transverse reinforcement ratio for Walls 
12 and 13 was 4.2% and 5.8%, respectively. In both specimens, all of the longitudinal bars were 
restrained, however Wall 13 was constructed with slightly larger bars (D16 bars vs. D12 bars), spaced 
further apart (6.2 in. vs. 3.5 in.). Figure 2.17 clearly indicates a significant strength benefit in the 
confined core in the specimen with smaller restrained longitudinal bar spacing, but a minimal 
difference in axial strain capacity. 
 
Figure 2.17. Specimen Response Showing Effect of Presence of Stable Longitudinal Reinforcement by Mander et al. [20] 
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The results also indicate that transverse reinforcement ratio has a significant effect on compressive 
performance. Consider Walls 13 and 14; both specimens had an s/db ratio of 2.5, while their transverse 
reinforcement ratios were 5.8% and 2.3%, respectively. Although the stress-strain response of Wall 
14 was not reported, the peak values can be compared. The normalized concrete strength and strain 
capacity for Walls 13 and 14 were 1.68%, 1.41%, 5.6%, and 3.3%, respectively. These results clearly 
indicate that higher transverse reinforcement ratio is associated with better performance. 
The specimens within the Mander et al. [20] experimental program, for the most part, greatly 
exceeded what is required by ACI 318-14 [1]. Figure 2.18 shows the compliance of these specimens 
for transverse reinforcement ratio, the s/db ratio, and the horizontal spacing of restrained longitudinal 
reinforcement, hx. 
  
(a) (b) 
Figure 2.18. ACI 318-14 [1] Compliance of Mander et al. [20] Specimens 
Although the tests performed by Mander et al. [20] indicate that excellent performance of 
rectangular reinforced concrete prism compression members is possible, the values of their design 
parameters are much higher than those that are implemented in practice today. Therefore, it is prudent 
to investigate the performance of such specimens within the scope of what might be constructed in 
practice. The research presented in this document provides a similar set of data to that of the tests 
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performed by Mander et al. [20], however with design parameters and detailing configurations that 
would be much more likely to be implemented in practice. 
Note that a companion paper by the same authors [25] was published that presented a theoretical 
model for estimating peak confined stress and strain capacity that was based on these tests. This model 
is described further (as necessary) in Chapter 6. 
2.2.2. Acevedo et al., 2010 
An experimental study into the effect of axial load reversals on reinforced concrete structural walls 
was carried out for cases that were not detailed to meet modern ACI requirements for special concrete 
walls. This work was conducted in response to damage observed after the 2010 Chile earthquake [12]. 
The study was focused on boundary elements similar to those found in Chilean walls, that meet the 
minimum ACI 318-08 [7] provisions for ordinary boundary elements, which is representative of the 
detailing requirements in the Chilean code (NCh430.Of2008) that was current at the time. The authors 
assert that many walls designed to minimum ACI 318-08 [7] provisions in the U.S. may experience 
similar damage behavior under seismic loads. 
The experimental study included two rectangular reinforced concrete prism specimens intended 
to simulate the boundary elements of reinforced concrete structural walls. The specimens measured 6 
in. wide by 12 in. long, with a clear height of 36 in. The dimensions were intended to prevent out-of-
plane instability of the specimen, and instead focus on any strength loss due to prior tension cycles (as 
shown previously in Figure 2.5). 
 For each specimen, the vertical reinforcement ratio was 3.67%, and the transverse reinforcing 
consisted of #3 bars spaced at 8 in. centers, for a transverse reinforcement ratio of 0.6%. Measured 
compressive strength of concrete was 5,780 psi and 6,171 psi for specimens NSBE1 and NSBE2, 
respectively, and the longitudinal reinforcement yield strength was 67 ksi. Transverse reinforcement 
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material properties were not provided. A representative cross-section of the specimens in this study 
is shown in Figure 2.19. 
 
6 in. x 12 in. 
ρ2 = 0.6% 
s/db = 10.6 
hx = 4.5 in. 
Figure 2.19. Representative Specimen Cross-Section by Acevedo et al. [12] 
Both specimens were subjected to uniaxial compressive load until failure, however specimen 
NSBE1 was loaded in tension to a strain of 4% prior to compression loading. During the tension 
excursion of specimen NSBE1, cracking occurred coincident with the transverse reinforcement 
spacing, eventually becoming closer than the 8 in. spacing as the strain reached 4%. Four percent (4%) 
strain was selected based on multiplying an assumed wall drift capacity of 2% by an assumed plastic 
hinge length equal to one-half the wall length. The results indicate the significance of prior large tensile 
strain excursions on the performance of the section under compression. Figure 2.20(a) and Figure 
2.20(b) show the failure modes of the two wall specimens, and Figure 2.21 shows the load-deflection 
results from the uniaxial compression tests. As shown, specimen NSBE1 exhibited compressive 
strength of only 20% that of NSBE2. 
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(a) (b) 
Figure 2.20. Failure Mechanisms of Specimens (a) NSBE1 (Pre-Strain), and (b) NSBE2 [12] 
 
Figure 2.21. Load-Deflection Compression Response of Test Specimens [12] 
It is important to note that these specimens did not meet the ACI 318-14 [1] requirements for 
boundary elements of special reinforced concrete structural walls, and are therefore considered non-
compliant. Figure 2.22 shows the specimen as compared with the ACI 318-14 [1] requirements. 
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(a) (b) 
Figure 2.22. ACI 318-14 [1] Compliance of Acevedo et al. [12] Specimens 
2.2.3. Creagh et al., 2010 
Research was conducted by Creagh et al. [21] in response to the compression damage in structural 
walls following the 2010 Chile earthquake. This study focuses on the boundary elements of slender 
reinforced concrete walls, designed in accordance with the ACI 318-08 [7] requirements for special 
boundary elements within special structural walls. The specimens were intended to be a comparison 
of special boundary performance (as detailed by ACI 318-08 [7]) to that of the detailing requirements 
in the Chilean code (NCh430.Of2008 [4]), which does not require special boundary elements (see 
Acevedo et al. [12]). 
Two 6 in. by 12 in. test specimens were constructed with the same transverse and longitudinal 
reinforcement patterns, and were longitudinally reinforced with six (6) #6 bars (3.67%), and confined 
with  #3 transverse bars at 2 in. centers vertically. All bars were restrained; the outer bars were 
restrained with a continuous hoop, while the intermediate bars were restrained by a 90o-135o crosstie, 
as recommended in the code. A representative cross-section is shown in Figure 2.23.  
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6 in. x 12 in. 
ρ2 = 1.6% 
s/db = 2.7 
hx = 4.5 in. 
Figure 2.23. Representative Specimen Cross-Section by Creagh et al. [21] 
Each specimen was tested to failure in compression, however Specimen S1 was first loaded in 
tension to 4% strain. Major horizontal cracks (up to ¼ in. thick) were spaced approximately equal to 
the section thickness. Additional cracking (although hairline at times) was coincident with the 
horizontal tie spacing of 2 in. The failure progression for specimen S1 is shown in Figure 2.24. A large 
vertical crack through the center of the section was followed immediately by overall section buckling. 
The authors noted that bar buckling within the transverse ties did not appear to be a factor, moreover 
the entire section buckled over at least half of the height of the specimen. Specimen S2, tested in 
compression only, surprisingly also failed in a brittle manner, consisting of overall section buckling at 
the top of the specimen, as shown in Figure 2.25. 
 
Figure 2.24. Failure Progression of Specimen S1 (Compression Loading after 4% Tensile Excursion) [21] 
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Figure 2.25. Failure Progression of Specimen S2 (Compression Loading Only) [21] 
Specimen S1 experienced a significant loss in compressive strength due to the previous tension 
excursion. As shown in Figure 2.26, the compressive capacity of specimen S1 was approximately 1/3 
of the compressive capacity of Specimen S2. 
 
Figure 2.26. Force-Displacement Results for Specimens S1 and S2 [21] 
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Although these specimens met the requirements for special boundary elements per ACI 318-11 
[6], they would be considered ordinary boundary elements per ACI 318-14 [1], as shown in Figure 
2.27. 
  
(a) (b) 
Figure 2.27. ACI 318-14 [1] Compliance of Creagh et al. [21] Specimens 
2.2.4. Minami and Nakachi, 2012 
Minami and Nakachi [22], performed an experimental study into the performance of boundary 
elements under a combination of flexural and compressive loading. The research focused on 
evaluating the performance of boundary element specimens as affected by the detailing and 
configuration of the transverse reinforcement, as well as the material properties. The majority of these 
tests were performed using eccentrically loaded specimens to more closely model the actual loading 
conditions of a boundary element within a structural wall. Although the focus of the research in this 
document is based on the compressive performance of axially loaded rectangular reinforced concrete 
prism members, review of this research includes representative eccentrically loaded specimens to 
evaluate the effect of a non-uniform strain gradient. 
The study was composed of 18 rectangular specimens, loaded monotonically in compression 
either eccentrically (14 specimens) or concentrically (4 specimens). Two eccentrically loaded 
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specimens and two concentrically loaded specimens are presented. Table 2.4 shows the salient design 
parameters for the presented specimens. 
Table 2.4. Specimen Test Matrix by Minami and Nakachi [22] 
Specimen ρ2 s/db 
hx 
(in.) 
BE Class Loading Type 
24W3 1.3% 5.5 2.0 xSBE Concentric 
24W4 2.6% 2.7 2.0 xSBE Concentric 
24WE3-06 1.3% 5.5 2.0 xSBE Eccentric 
24WE3P-06 2.6% 2.6 2.0 xSBE Eccentric 
 
The specimens were all approximately 3.5 in. thick, 8.3 in. wide, and 10.6 in. in height. Two 
detailing schemes were implemented, with major axis transverse reinforcement ratios of 1.3% and 
2.6%, and s/db ratios of 5.5 and 2.7, respectively, as shown in Table 2.4. The compressive strength of 
the concrete was approximately 2.5 ksi, and the yield strength of the longitudinal and transverse 
reinforcement was 59 and 54 ksi, respectively. Specimens 24W3 and 24WE3-06 are considered non-
compliant per ACI 318-14 [1] (at full-scale); Specimens 24W4 and 24WE3P-06 are considered special 
boundary elements per ACI 318-14 [1] (again, at full scale). Figure 2.28 shows compliance for both 
specimen types. 
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(a) (b) 
Figure 2.28. ACI 318-14 [1] Compliance of Minami and Nakachi [22] Specimens 
Both types of specimens were constructed using the same detailing configuration, shown in Figure 
2.29, including 135o-135o crossties to restrain the longitudinal bars in the thickness dimension (the 
major axis), however there is not a continuous hoop (note the lines at the top and bottom of the figure 
are intended to represent continuous transverse curtain reinforcement). 
 
Figure 2.29. Representative Specimen Cross-section by Minami and Nakachi et al. [22] 
The results showed a substantial increase in strength and deformation capacity in Specimen 24W3 
as compared with Specimen 24W4 (concentric tests), where the transverse reinforcement spacing of 
Specimen 24W4 was double that of Specimen 24W3. Figure 2.30 shows that both specimens 
(considered to be xSBE specimens) exhibited significant strain capacity. 
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Figure 2.30. Specimen Compressive Response of Various Levels of Confinement by Minami and Nakachi [22] 
Similar results were reported for the eccentrically loaded specimens, as shown in Figure 2.31. 
Although an exact comparison with the concentric tests is difficult, the figure shows a more sustained 
load-carrying capacity for Specimen 24WE3P-06 as compared to Specimen 24WE3-06; the increase 
in strength was not as significant. 
 
Figure 2.31. Specimen Moment-Curvature Response of Various Levels of Confinement by Minami and Nakachi [22] 
The research published by Minami and Nakashi [22] provides further validation that both 
transverse reinforcement ratio and the s/db ratio are important parameters with respect to the 
compressive performance.  
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2.2.5. Chrysanidis and Tegos, 2012 
Chrysanidis and Tegos [23] performed a suite of tests aimed at identifying the effect of tensile 
strain prior to significant compressive loading on the compressive performance of rectangular 
reinforced concrete prism members. The specimens were intended to represent the boundary 
elements within structural walls.  
The experimental program consisted of five (5) identical specimens of approximately 3 in. thick, 
6 in. wide, and with an unbraced height of 30 in. The major axis transverse reinforcement ratio was 
0.4%, and the s/db ratio was 10.5. The concrete compressive strength was 4.5 ksi, and the yield strength 
of the longitudinal and transverse reinforcement was 87 ksi. The specimens were subjected to plastic 
tensile strains ranging between 1% and 5% prior to monotonic compression loading to failure. The 
first specimen, which served as a reference, was loaded solely in monotonic compression. 
Figure 2.32 shows a representative cross-sectional detail. The transverse reinforcement 
configuration consisted of a rectilinear hoop around the perimeter longitudinal reinforcement, with 
180o-180o S-hook style crossties restraining the intermediate longitudinal bars.  
 
3 in. x 6 in. 
ρ2 = 0.4% 
s/db = 10.5 
hx = 2.5 in. 
Figure 2.32. Representative Cross-Section Detail Configuration by Chrysanidis and Tegos [23] 
The detail did not meet the requirements for boundary elements within special structural walls per 
ACI 318-14 [1] (as shown in Figure 2.33) due to inadequate vertical transverse reinforcement spacing, 
and is therefore classified as an NBE detail. 
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(a) (b) 
Figure 2.33. ACI 318-14 [1] Compliance of Chrysanidis and Tegos [23] Specimens 
The results of the suite of tests indicated that tensile strain prior to significant compression loading 
has an effect on compressive strength if the plastic pre-strain excursions exceed 3%; minimal 
reductions in strength were observed in the specimens exposed to 1% or 2% tensile pre-strain as 
compared with the monotonic compression specimen.  
Figure 2.34 shows the compressive response of all five (5) specimens. In the figure, the x-axis is 
denoted as “normalized shortening”, as a percentage of the overall specimen height. From the 
dimensional shortening values on the upper x-axis, it is clear that the “normalized shortening” values 
are off by a factor of 10 (i.e., a “normalized shortening” value in the figure of 5% refers actually to an 
average strain of 0.5%, and so on). Note that the legend is in order of tensile pre-strain, with values 
of 0%, 1.0%, 2.0%, 3.0%, and 5.0%. 
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Figure 2.34. Compressive Response of Specimens of Varying Tensile Pre-Strain Excursions by Chrysanidis and Tegos 
[23] 
Figure 2.34 shows a drastic reduction in strength and deformation capacity for specimens exposed 
to tensile pre-strains of 3.0% or more. In fact, accounting for the strength of the longitudinal 
reinforcement, the residual confined core strengths of specimens with tensile pre-strains larger than 
3.0% are almost negligible. 
2.2.6. Massone et al., 2014 
Massone et al. [24] conducted a series of tests in response to the compression failures observed 
following the 2010 Maule earthquake in Chile. The study attempted to reproduce the failures observed 
following the earthquake. Parameters of interest included thickness, quantity and configuration of the 
confining steel, and tensile strain prior to compression loading (tensile “pre-strain”).  
The program consisted of 24 specimens subjected to monotonic compression, or in a combination 
of a single tensile strain excursion followed by monotonic compression to failure. Specimens ranged 
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between approximately 6 and 10 in. in thickness, with the majority of specimens 8 in. thick. Specimens 
were either 40 or 63 in. in height, however more closely spaced transverse reinforcement was used 
over a length of approximately 12 in. at the top and bottom to minimize damage and boundary 
condition effects. All specimens were approximately 12 in. long. The test day concrete strength was 
5.7 ksi; the material properties for the steel are shown in Table 2.5. 
Table 2.5 is the test matrix of specimens (as reported by Massone et al. [24]) that are of interest 
for comparison purposes with the research presented in this document. The first column describes 
the primary study parameter of the series. In the table, ρ2 is the major axis transverse reinforcement 
ratio, and εt is the tensile pre-strain. 
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Table 2.5. Massone et al. [24] Test Matrix of Specimens of Interest 
 Specimen Thck. 
ACI 318-14 [1] 
Compliance 
ρ2 
hx 
(in.) 
s/db εt Detail 
Quantity of 
Confining 
Steel 
P1 
P2 
P3 
6” 
8” 
10” 
NBE Unconf. N/A N/A 0% 
 
P4 
P5, P181 
P6 
6” 
8” 
10” 
NBE3,4 0.50% 5.0 5.6 0% 
 
P13, P171 8” NBE 0.34% 5.0 8.3 0% 
Configuration 
of Confining 
Steel 
P20 8” NBE 0.34% 10.0 5.6 0% 
 
P212, P22 8” OBE 0.50% 6.6 5.6 0% 
 
P23 8” OBE 0.67% 3.3 5.6 0% 
 
P24 8” OBE 0.67% 3.3 5.6 0% 
 
Tensile Pre-
Strain 
P7 8” NBE Unconf. N/A N/A 1% 
 P8 8” NBE Unconf. N/A N/A 2% 
P10 8” NBE3,4 0.50% 5.0 5.6 2% 
 P16 8” NBE 0.34% 5.0 8.3 2% 
1. fyt = 48 ksi (opposed to 72 ksi); fyl = 70 ksi 
2. Crosstie hooks wrapped around perimeter rectilinear hoop 
3. OBE compliance per ACI 318-11 [6] 
4. Compliance controlled by spacing of restrained longitudinal bars 
The specimens within this test matrix are considered either non-compliant or ordinary boundary 
elements per ACI 318-14 [1], as shown in Figure 2.35. In the figure, specimens are shown to meet the 
special boundary element requirements in both plots, however these data points do not correspond 
to the same specimens. 
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(a) (b) 
Figure 2.35. ACI 318-14 [1] Compliance of Massone et al. [24] Specimens 
The results of the tests by Massone et al. [24] indicated that neither the cross-sectional aspect ratio 
nor the amount of confining steel had a substantial effect on compressive strength. Note that all 
specimens had a cross-sectional aspect ratio (CSAR) of 1.7, with the exception of P1 and P4 (2.3) and 
P3 and P6 (1.3). However, specimens with higher transverse reinforcement ratios (and smaller vertical 
transverse reinforcement spacing) exhibited slightly improved deformation capacity. Figure 2.36(a) 
shows a comparison of unconfined specimens of various thicknesses; each specimen had the same 
length. Figure 2.36(b) shows a comparison of confined specimens of various thicknesses; each 
specimen had the same length. The detail configuration and spacing in these specimens were similar, 
and therefore the transverse reinforcement ratio along the minor axis (parallel to length) was highest 
in specimen P6 and lowest in specimen P4. 
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(a) (b) 
Figure 2.36. Compressive Performance of Various Thicknesses for (a) Unconfined, and (b) Confined Specimens [24] 
As shown, specimens of varying thickness (all rectangular) exhibited little difference in both 
strength and deformation capacity for both the unconfined and confined cases. The study did not 
investigate specimens with varying thickness but the same transverse reinforcement ratio, however 
the strength was not substantially affected by the presence of confined steel as compared with the 
unconfined specimens for the amount and spacing of the confinement. The confined specimens did, 
however, maintain approximately 75% of the peak strength to a larger strain than in the unconfined 
specimens. The poor performance of the confined specimens was likely due to the minimal amount 
of confining steel; none of the specimens shown in Figure 2.36 meet the ACI 318-14 [1] requirements 
for boundary elements within special structural walls. However, all specimens meet the minimum 
OBE requirements from ACI 318-08 [7], and therefore the specimens are representative of Chilean 
wall detailing. 
The study found a significant correlation between tensile pre-strain and the compressive 
performance of both unconfined and confined specimens. Figure 2.37 shows the compressive 
response of unconfined and confined specimens tested with and without a tensile pre-strain (of 2%). 
The comparison indicates that the confined specimen (P10) outperformed the unconfined specimen 
(P8) in both strength and deformation capacity following a tensile pre-strain of 2.0%. 
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Figure 2.37. Effect of Tensile Pre-Strain on Unconfined and Confined Specimens [24] 
2.2.7. Summary of Experimental Testing of RC Boundary Element Specimens 
The experimental database of rectangular reinforced concrete prism specimen tests is focused on 
a number of testing and detailing parameters including tensile strain prior to compression loading, 
vertical spacing and amount of transverse reinforcement, and longitudinal bar restraint. This section 
summarizes the trends in a qualitative manner for each of the salient test parameters within the 
database of existing prism tests. Quantitative comparisons (including the results from the experimental 
program reported in this dissertation) are detailed in Chapter 5. 
2.2.7.1. Vertical Spacing Ratio of Transverse Reinforcement, s/db 
The s/db ratio appears to have a significant effect on the compressive performance of confined 
concrete. Specifically, specimens with s/db of at most 4.0 (shown in the tests by Mander et al. [20], and 
Minami and Nakachi [22]) exhibited significantly better strength and deformation capacity than 
specimens with larger s/db ratios. The vertical spacing of transverse reinforcement in ACI 314-14 [1] 
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is limited to 6db, and therefore a further review into this detailing parameter is necessary to ensure that 
this is adequate. 
2.2.7.2. Transverse Reinforcement Ratio 
The transverse reinforcement ratio appears be linked to strength and deformation capacity. 
Although this detailing parameter is typically associated with spacing, specimens of similar s/db but 
varied transverse reinforcement ratio exhibited significantly different results, suggesting that an 
increase in transverse reinforcement ratio results in better performance. Further review into this 
detailing parameter is necessary to fully understand the effect of transverse reinforcement ratio. 
2.2.7.3. Horizontal Spacing of Restrained Longitudinal Bars 
Smaller spacing of restrained longitudinal reinforcement, as well as the ratio of this spacing to the 
specimen thickness, is related to the performance. Closer spaced longitudinal reinforcement typically 
improved the peak stress and strain capacity, however this effect was observed paired with increased 
regularity of restraint of those bars, as seen in the tests by Mander et al. [20]. 
2.2.7.4. ACI 318-14 [1] Boundary Element Classification 
Although no test program specifically investigated the effect of various boundary element detailing 
classifications, observations from the database of specimens indicate that special boundary elements 
appear to perform better than ordinary or non-compliant boundary elements. However, the majority 
of specimens that were considered SBEs (all but one being those tested by Mander et al. [20]) were 
detailed significantly better than the minimum requirements per ACI 318-14 [1] (reference Figure 
2.18). A systematic investigation of boundary element detailing is necessary, including specimens that 
just meet the minimum detailing requirements, to ensure that the current requirements are adequate. 
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2.2.7.5. Cross-Sectional Aspect Ratio 
Cross-sectional aspect ratio was found to have little influence on compressive performance. 
However, the data on this parameter is very limited. A more systematic investigation into the effect 
of cross-sectional aspect ratio is important, however it is out of the scope of this research due to 
laboratory testing restrictions. 
2.2.7.6. Peak Tensile Strain Prior to Compression Damage 
Many of the experimental programs in this database evaluated the effects of tensile pre-strain on 
compressive performance. The general trends indicate that significant tensile strain prior to 
compression damage results in a significant (sometimes over 50%) reduction in strength and 
deformation capacity. However, these tests were all loaded monotonically in compression to failure 
following the peak tensile strain, which may not be indicative of actual loading conditions. Therefore 
a review into the effects of cyclic loading, and cyclic loading following a tensile pre-strain, are included 
in this experimental program. 
2.2.8. Gaps in Existing Data 
As previously mentioned, one of the purposes of the collection of data from similar prism tests 
was to ensure that the experimental program associated with this research did not duplicate existing 
test data, and in fact filled gaps in the existing data. Figure 2.38 shows the database of existing tests 
compared to the tests conducted within this experimental program (described later in this dissertation) 
for a number of detailing parameters, as described above. As shown, a significant gap in the existing 
data is observed just above the minimum transverse reinforcement ratio for s/db ratios between about 
4.0 and 6.0. Note that many specimens in this experimental program have repeat detailing parameters, 
for use in evaluating other certain salient parameters. See Chapter 3 for a full description of the 
experimental program. 
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Figure 2.38. Comparison of Salient Detailing Parameters between Experimental Program and Existing Database 
2.3. Experimental Investigations of Reinforced Concrete Structural Wall Specimens 
This portion of the literature review is intended to define the existing database of experimental 
tests on structural walls with observed compression failures (and subjected to low to moderate shear 
demands). The main purpose of gathering this data is to validate the proposed confined concrete 
model. Chapter 6 discusses proposed expressions for strength and deformation capacity of rectangular 
reinforced concrete prism sections, as well as techniques with which to implement such expressions 
into accurate modeling of reinforced concrete structural walls. As the proposed expressions were 
developed using the results of the experimental program, the wall tests described within this portion 
of the literature review provide a means for independent verification. 
Financial and logistical constraints result in limitations for large-scale testing of reinforced 
concrete structural walls, and therefore the existing database of wall tests is somewhat limited. Birely 
et al. [28], as part of a larger investigation into wall performance, assembled a database of slender (and 
aspect ratio greater than 2) reinforced concrete wall tests. The database here is a subset of the Birely 
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database, and limited to walls that are rectangular in cross-section with a shear stress demand of 5*√fc’ 
or less, and failing in compression of the boundary element. These requirements are intended to limit 
the database to flexure-dominated walls and eliminate complexities arising from wall configuration 
(asymmetric or flanged walls) and lap splices.  
Table 2.6 is a summary of the database of existing wall tests reported by Birely et al. [28]; more 
recent tests are also included [29]. Walls in the database are evaluated for compliance with boundary 
element detailing requirements in ACI 318-14 [1], which is noted with NBE (non-compliant), OBE 
(compliant, does not meet the requirements for a special boundary element), SBE (meets the minimum 
requirements for special boundary elements), or xSBE (special boundary elements with all longitudinal 
bars restrained).  
In determining compliance, wall specimens were scaled assuming a full-scale thickness of 12 in. 
(i.e., a 6 in. thick wall would have a scale factor of 2). In this manner, the wall specimens can be directly 
assessed with respect to the published detailing requirements in ACI 318. The failure mode of each 
wall specimen is also listed, falling into two categories: crushing/buckling, or bar rupture. The 
crushing/buckling failure mode is defined as loss of load-carrying capacity due to crushing of the 
confined core and/or buckling of the longitudinal reinforcement; bar rupture is defined as loss of 
load-carrying capacity due to rupture of the longitudinal reinforcement in tension. 
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Table 2.6. Existing Database of Structural Wall Tests 
Researcher Spc. ID 
ACI 318-14 
[1] 
Compliance 
Shear 
Stress 
(√fc’) 
Axial Load 
Ratio 
Failure Mode 
Dazio et al. 
[30] 
WSH3 
WSH4 
WSH6 
OBE 
NBE 
xSBE 
2.9 
2.8 
3.5 
6% 
6% 
11% 
Bar Rupture 
Crushing/Buckling 
Crushing/Buckling 
Liu [31] 
W1 
W2 
NBE 
NBE 
2.3 
1.7 
8% 
4% 
Crushing/Buckling 
Bar Rupture 
Lowes et al. 
[32] 
PW1 
PW2 
PW3 
PW4 
xSBE 
xSBE 
xSBE 
xSBE 
3.6 
5.0 
4.5 
4.6 
10% 
13% 
10% 
12% 
Bar Rupture 
Crushing/Buckling 
Crushing/Buckling 
Crushing/Buckling 
Oesterle et al. 
[33] 
R1 
R2 
NBE 
NBE 
1.1 
2.0 
0% 
0% 
Bar Rupture 
Bar Rupture 
Oh et al. [34] 
WR-0 
WR-10 
WR-20 
NBE 
NBE 
NBE 
3.0 
2.8 
3.0 
10% 
10% 
10% 
Crushing/Buckling 
Bar Rupture 
Crushing/Buckling 
Thomsen and 
Wallace [35] 
RW1 
RW2 
NBE 
NBE 
2.6 
2.6 
11% 
7% 
Crushing/Buckling 
Crushing/Buckling 
Tran and 
Wallace [29] 
UCLA1 
UCLA2 
UCLA3 
UCLA4 
UCLA5 
SBE 
SBE 
SBE 
SBE 
SBE 
3.6 
6.1 
4.9 
7.0 
5.8 
8% 
8% 
8% 
8% 
8% 
Crushing/Buckling 
Crushing/Buckling 
Crushing/Buckling 
Crushing/Buckling 
Crushing/Buckling 
Vallenas et al. 
[36] 
S5 
S6 
xSBE 
xSBE 
6.3 
6.1 
5% 
5% 
Crushing/Buckling 
Instability 
 
The primary focus of this research is to further understand and quantify compressive performance 
of reinforced concrete structural walls, and therefore review and utilization of the database described 
in Table 2.6 is limited to wall specimens exhibiting compression failures (those noted as 
crushing/buckling failures). Usage is further limited to specimens with any substantial axial load ratio 
(5% or more). Furthermore, it has been shown [37] that wall specimens with shear demands over 
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5*√fc’ actually exhibit failures that are a combination of shear and compression. The limit of 5*√fc’ is 
supported by Figure 2.39, published by Whitman [37]. As shown, for walls of reasonable cross-
sectional aspect ratio (greater than ~12), the change between pure compression failures, such as 
crushing and/or bar buckling (CB), and a shear-influenced compression failure, occurs just above a 
normalized peak shear demand of approximately 5. 
 
Figure 2.39. Effect of Normalized Peak Shear on Damage Type [37] 
The remainder of this section investigates the specimen details and test results of the reduced 
database of wall tests listed in Table 2.7. These wall specimens serve as a means by which to validate 
the accuracy of the proposed predictive models discussed in Chapter 6. Note that although the 
specimens tested by Lowes et al. [32] meet the requirements of the limited database, three (3) of the 
specimens were constructed with lap splices, which appeared to have a significant effect on their 
performance, and the fourth specimen was noted as having significant honeycombing damage. 
Therefore none of these tests were included. 
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Table 2.7. Database of Low-Shear, Compression-Failure Rectangular Wall Tests for Model Validation 
Researcher Spc. ID 
ACI 318-14 
[1] 
Compliance 
Shear 
Stress 
(√fc’) 
Axial Load 
Ratio 
Failure Mode 
Dazio et al. 
[30] 
WSH4 
WSH6 
NBE 
xSBE 
2.8 
3.5 
6% 
11% 
Crushing/Buckling 
Crushing/Buckling 
Oh et al. [34] WR-20 NBE 3.0 10% Crushing/Buckling 
Thomsen and 
Wallace [35] 
RW1 
RW2 
NBE 
NBE 
2.6 
2.6 
11% 
7% 
Crushing/Buckling 
Crushing/Buckling 
Tran and 
Wallace [29] 
UCLA1 
UCLA3 
SBE 
SBE 
3.6 
4.9 
8% 
8% 
Crushing/Buckling 
Crushing/Buckling 
 
2.3.1. Oh et al., 2002 
Oh et al. [34] performed a suite of structural wall tests focused on evaluating the impact of 
boundary element detailing on the deformation capacity. Although the research was performed in 
Korea, the specimens were indicative of both Korean and Chilean design practice. The experimental 
program consisted of one (1) barbell-shaped wall and three (3) rectangular walls. For the purpose of 
this research, the review is limited to the rectangular walls with reinforced boundary elements 
(Specimens WR-10 and WR-20). 
The full-scale wall specimens were designed based on the requirements of the Chilean concrete 
construction code, which, in turn, is based on the ACI 318-95 [38] code. In the applicable Chilean 
code (at the time of the study), however, boundary element detailing requirements are much less 
stringent; specifically, the requirements for special boundary elements were omitted.  
The boundary elements of Specimens WR-10 and WR-20 were constructed with major axis 
transverse reinforcement ratios of 2.1% and 1.1%, with the transverse reinforcement spaced at 
approximately 4 and 8 in. centers, respectively. This resulted in s/db ratios for specimens WR-10 and 
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WR-20 of 7.9 and 15.4, respectively. The boundary element transverse reinforcement in specimen 
WR-10 and WR-20 consisted of a combination of U-shaped bars around the perimeter longitudinal 
reinforcement, opening in the direction of the web, and 90o-135o crossties restraining the interior 
longitudinal bars (adjacent to the web). Review of these specimens indicates that none meet the 
boundary element detailing requirements in ACI 318-14 [1] (special or ordinary). Note that a summary 
of ACI 318-14 [1] compliance for each wall specimen is located at the end of this section. Figure 2.40 
shows cross-sectional construction drawings of each specimen. 
 
Figure 2.40. Cross-Section Details of Rectangular Wall Specimens by Oh et al. [34] 
The walls were approximately 8 in. thick, 5 ft. long, and had an effective height of loading of 11 
ft., as shown in Figure 2.41. All specimens were loaded with a displacement-controlled, reversed-cyclic 
loading protocol until significant loss of lateral-load-carrying capacity. 
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Figure 2.41. Test Setup per Oh et al. [34] 
The authors indicate that specimen WR-20 experienced significant load loss during the first cycle 
to 2.5% drift (as measured at the height of loading), consistent with observed core crushing and 
buckling of the longitudinal reinforcement. Testing stopped on specimen WR-10 following the second 
cycle to 2.5% drift (in the first loading direction), at which point the load-carrying capacity was reduced 
by approximately 15% (as compared with the first full 2.5% drift cycle). Although the authors note 
that longitudinal bar buckling occurred at this point, it is likely that some manner of bar fracture (in 
tension) occurred during the first cycle (in the second loading direction) to 2.5% drift, as depicted by 
the substantially lower load-carrying capacity during the second cycle (in the first loading direction) to 
2.5% drift. This is in stark contrast to the sudden loss of load experienced by Specimen WR-20; the 
hysteretic response for each specimen is shown in Figure 2.42. 
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(a) 
 
(b) 
Figure 2.42. Hysteretic Response of Specimens (a) WR-20, and (b) WR-10 [34] 
The performance of Specimen WR-20 is surprising, in that the strength and reported deformation 
capacity appear to be similar to that of Specimen WR-10. However, as mentioned, it is likely that 
specimen WR-10 experienced some manner of bar fracture prior to the reported crushing and bar 
buckling failure. Furthermore, according to the construction drawings, the first set of transverse 
reinforcement was installed at a similar location for each specimen. This may have contributed to the 
similar performance, as the damaged regions for both specimens were also similar in size and shape, 
and were bounded by the base of the wall and just above that first set of transverse reinforcement. 
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Schematic damage maps for each specimen are shown in Figure 2.43; unfortunately damage photos 
were not available. 
 
Figure 2.43. Damage Maps for Wall Specimens by Oh et al. [34] 
The results of this study indicate that the spacing of the transverse reinforcement has an effect on 
the deformation capacity and damage progression of structural walls. As specimen WR-10 is likely a 
bar fracture type failure, only specimen WR-20 is considered for validation of the predictive models 
proposed in this research. 
2.3.2. Thomsen and Wallace, 2004 
Thomsen and Wallace [35] performed a series of tests focused on the performance of reinforced 
concrete structural walls. The study aimed to investigate the effect of various boundary element 
detailing configurations and section configurations. The program consisted of three (3) rectangular 
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walls (one (1) with an opening), two (2) T-shaped walls, and one (1) barbell-shaped wall. For the 
purpose of this research, review is limited to the two (2) solid rectangular walls. 
The rectangular walls were approximately one-third per the mentioned practice of assuming a 12 
in. full-scale thickness, and were designed to meet the ACI 318-95 [38] requirements. Each wall 
specimen was 4 in. thick, and 4 ft. long. The walls were scaled to mimic typical 16 in. thick structural 
walls with #5 bars at 12 in. centers. Test walls were detailed to sustain an axial stress equal to 0.10 
fc’*Ag, and an anticipated drift of 1.5%.  
The boundary element detailing for RW1 consisted of a large rectilinear hoop around the 
perimeter longitudinal bars, with intermediate 90o-135o crossties restraining the intermediate 
longitudinal bars, all spaced at 3 in. centers; the major axis transverse reinforcement ratio was 0.6%, 
and the s/db ratio was 8.0. The boundary element detailing for RW2 consisted of a large rectilinear 
hoop around the perimeter longitudinal bars at 2 in. centers; the major axis transverse reinforcement 
ratio was 0.4%, and the s/db ratio was 5.3. Cross-sectional construction details of rectangular wall 
specimens RW1 and RW2 are shown in Figure 2.44. 
 
Figure 2.44. Specimen Cross-Sectional Details for RW1 and RW2 [35] 
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Testing consisted of reversed-cyclic, displacement-controlled loading, with an axial load ratio of 
11% and 9% for specimens RW1 and RW2, respectively. The effective height of loading was 12 ft., as 
shown in Figure 2.45. 
 
Figure 2.45. Test Setup per Thomsen and Wallace [35] 
Both rectangular wall specimens experienced significant load loss following core crushing and 
longitudinal bar buckling in the boundary element. Specimen RW1 maintained load-carrying capacity 
through two (2) full cycles to 2.0% drift, after which load loss occurred at approximately 2.5% drift. 
Specimen RW2 exhibited similar behavior as compared with that of specimen RW1, however load-
carrying capacity was maintained through the first cycle to 2.5% drift; the second cycle to 2.5% drift 
resulted in approximately 15% loss in load. The test was stopped at this point due to the damage 
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observed, however it is unclear what the behavior would have been the test continued further than 
2.5% drift. The similar final damage states of specimens RW1 and RW2 are shown in Figure 2.46(a) 
and Figure 2.46(b), respectively. 
  
(a) (b) 
Figure 2.46. Final Damage State of Specimens (a) RW1, and (b) RW2 [35] 
 The response of these walls further indicates that the spacing of the transverse reinforcement 
affects the deformation capacity. Recall that Specimen RW2 had an s/db ratio of 5.3, while Specimen 
RW1 had an s/db ratio of 8.0; the two walls had similar volumetric transverse reinforcement ratios. 
Specimen RW2 had an increased drift capacity relative to Specimen RW1. The difference in bar 
restraint is not clear from the test. The test results of these two rectangular wall specimens provide 
data points for validation of the predictive models, with boundary element details just below the 
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current ACI 318-14 [1] requirements (note that a summary of ACI 318-14 [1] compliance for each 
wall specimen is located at the end of this section). 
2.3.3. Dazio et al., 2009 
Dazio et al. [30] performed tests focused on evaluating the performance of slender reinforced 
concrete walls with various amounts and configurations of boundary element transverse 
reinforcement. The study also investigated the effects of reinforcement with varying levels of 
reinforcement strain capacity. The program consisted of six (6) rectangular wall specimens, however 
only two (2) of the specimens (WSH4 and WSH6) met the constraint of having a compressive damage 
mode. 
The specimens measured approximately 6 in. thick by 6.5 ft. long. The boundary element details 
of each specimen varied in configuration, as well as in size and spacing of the transverse reinforcement. 
Figure 2.47 shows the cross-sections for Specimens WSH4 and WSH6. Note that the boundary 
element detailing for specimen WSH4 consists of only a U-shaped transverse bar, opening towards 
the web. 
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(a) 
 
(b) 
Figure 2.47. Wall Cross-Sections by Dazio et al. [30] for (a) WSH4, and (b) WSH6 
All specimens were tested with a displacement-controlled, reversed-cyclic loading protocol; 
specimens WSH1 through WSH4 had a static axial load ratio of 6%, while specimens WSH5 and 
WSH6 had a static axial load ratio of 11%. The effective height of loading was about 15 ft., as shown 
in Figure 2.48. 
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Figure 2.48. Test Setup per Dazio et al. [30] 
 
Specimens WSH4 and WSH6 represented an investigation into the effects of amount and spacing 
of transverse reinforcement; specimens were constructed with relatively ductile reinforcement to avoid 
premature fracture. Specimen WSH4, as shown in Figure 2.47, was not constructed with any 
significant confining steel, while the boundary elements of specimen WSH6 consisted of nested 
rectilinear hoops restraining each longitudinal bar.  Specimen WSH4 exhibited a brittle compression 
failure at a drift of approximately 1.6%, consistent with significant core crushing and longitudinal bar 
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buckling. Specimen WSH6 exhibited a similar failure mode, however the wall specimen maintained 
load-carrying capacity to a drift level of just over 2.0%. Although this improvement in deformation 
capacity appears modest, Specimen WSH6 was subjected to an axial load ratio of nearly double that 
of Specimen WSH4 (11% as compared to 6%). It is unclear from the data what the magnitude of the 
increase in performance of Specimen WSH6 would have been as compared with Specimen WSH4 if 
both specimens were tested at equivalent axial load ratios. Figure 2.49 shows the force-drift response 
for each test, while Figure 2.50 shows the final damage states for Specimens WSH4 and WSH6. Note 
that the y-axis in Figure 2.49 corresponds to the lateral load (kN) and the lower and upper x-axes 
correspond to the tip displacement (mm) and drift (%), respectively. 
  
(a) (b) 
Figure 2.49. Force-Drift Response of Specimens (a) WSH4, and (b) WSH6 per Dazio et al. [30] 
70 
 
  
(a) (b) 
Figure 2.50. Final Damage State for Specimens (a) WSH4, and (b) WSH6 per Dazio et al. [30] 
The authors make note that upon reaching 2.0% drift in Specimen WSH6, the lateral actuator 
reached its stroke limit, and therefore the test was forced to stop. Although the load-carrying capacity 
did appear to be declining (see Figure 2.49), and crushing damage was observed, it is not clear exactly 
what the drift capacity would have been. The authors note that due to the load-carrying capacity 
reduction and observed damage, it is unlikely that this additional drift capacity would have been 
substantial. For this reason, the reported drift capacity is used for comparison with the proposed 
constitutive model in Chapter 6. 
The study suggests that deformation capacity is linked to the configuration and amount of 
transverse reinforcement in the boundary elements. Specimens WSH4 and WSH6 are included in the 
database of walls for use in validation of the predictive models proposed in this research. These two 
(2) specimens represent a range of boundary element detailing and exhibited compression failures with 
moderate shear demands. It is also noted that Specimen WSH6 met the special boundary element 
detailing parameters per ACI 318-14 [1]; note that a summary of ACI 318-14 [1] compliance for each 
wall specimen is located at the end of this section. 
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2.3.4. Tran and Wallace, 2012 
Tran and Wallace [29] tested walls to evaluate the interaction of flexural and shear demands on 
wall performance. The study was composed of five (5) rectangular walls, designed to meet or exceed 
ACI 318-11 [6] requirements for special structural walls with special boundary elements. Note that 
compliance with ACI 318-14 [1] requirements for special boundary elements is summarized for all 
walls at the end of this section; a review of the detailing requirement changes between ACI 318-11 [6] 
and ACI 318-14 [1] is described earlier in this chapter. 
The maximum normalized shear demands for the tests ranged from 3.6*√fc’ to 7.0*√fc’. As 
previously mentioned, significant shear (considered as normalized shear demand greater than 5.0*√fc’) 
has been shown [37] to result in a combination of flexural compression and shear failures. For this 
reason, the review of this study is limited to two (2) wall specimens tested with peak normalized shear 
demands of less than 5.0*√fc’. These specimens include RW-A20-P10-S38 and RW-A15-P10-S51, as 
named by Tran and Wallace [29]; for simplicity, these specimens will be referred to as UCLA1 and 
UCLA3, indicating the institution of testing and the specimen number within the overall series. 
Each specimen was 6 in. thick and 4 ft. long. The cross-section and boundary element detailing 
for both specimens was identical. The major axis transverse reinforcement ratio was 1.3% and the s/db 
ratio was 4.0. Figure 2.51 shows a representative cross-sectional detail for both specimens.  
 
Figure 2.51. Representative Wall Detail by Tran and Wallace [29] 
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Figure 2.52. Representative Boundary Element Detail by Tran and Wallace [29] 
A closer view of the boundary element detail is shown in Figure 2.52. The boundary element 
detailing consisted of a large rectilinear hoop around the perimeter longitudinal reinforcement and 
90o-135o crossties on every other intermediate longitudinal bar. Note that the crossties alternated 
between the two sets of intermediate longitudinal bars, which is why the detail indicates that the 
crossties are installed at 4 in. centers as opposed to the rectilinear hoops at 2 in. centers; a crosstie is 
present at each rectilinear hoop location. This practice results in an s/db ratio of 8.0 for the intermediate 
bars and 4.0 for the corner bars (restrained by the hoop). Upon further review of the specimen details, 
the boundary elements of both specimens are considered special boundary elements per the ACI 318-
14 [1] requirements. 
Both specimens were tested using a displacement-based, reversed-cyclic loading protocol; the 
effective height of loading was 8 ft. and 6 ft. for specimens UCLA1 and UCLA3, respectively, as 
shown in Figure 2.53. Specimens UCLA1 and UCLA3 sustained maximum normalized shear demands 
of 3.6*√fc’ and 4.9*√fc’, respectively; both specimens were subjected to a static axial load ratio of 
approximately 8%. 
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Figure 2.53. Test Setup per Tran and Wallace [29] 
Specimen UCLA1 experienced core crushing and longitudinal bar buckling consistent with a 
significant loss of load-carrying capacity at approximately 3.0% drift. Specimen UCLA3 also exhibited 
significant load loss at approximately 3.0%, however the damage appeared to extend further into the 
web as compared with UCLA1. Core crushing and longitudinal bar buckling occurred slightly after 
the loss in load-carrying capacity. As shown in Figure 2.54, both final damage states are indicative of 
a compression failure. Figure 2.55 shows the force-drift response for each specimen (note that the 
dashed red hysteresis is the response of interest in each plot). Note that specimen UCLA3 experienced 
significantly more web damage than UCLA1, which may have been due to the higher applied shear 
demand (approximately 4.9*√fc’ versus 3.6*√fc’). 
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(a) UCLA1 (b) UCLA3 
Figure 2.54. Final Damage State of Specimens (a) UCLA1, and (b) UCLA3 by Tran and Wallace [29] 
  
(a) (b) 
Figure 2.55. Force-Drift Response (Dashed-Red Hysteresis) of Specimens (a) UCLA1, and (b) UCLA3 per Tran and 
Wallace [29] 
2.3.5. ACI 318-14 [1] Compliance of Existing Wall Tests 
This section summarizes the compliance of the database of applicable wall tests (those with low-
shear demand and compression failures) for the various detailing parameters prescribed in ACI 318-
14 [1]. Detailing parameters of interest include: boundary element length, lbe, the s/db ratio, the 
transverse reinforcement ratio, and the spacing of restrained longitudinal bars, hx. Note that at full 
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scale (12 in. thickness), the limit of hx/b of at most two-thirds will always control over the maximum 
14 in. spacing limit for restrained longitudinal bars. Further description of the ACI 318-14 [1] 
requirements is located in Section 2.1.1. Compliance for each detailing parameter is shown in Figure 
2.56. Note that the boundary element length in each specimen greatly exceeds the minimum ACI 318-
14 [1] requirement. 
  
(a) (b) 
  
(c) (d) 
Figure 2.56. ACI 318-14 [1] Special Boundary Element Compliance for Wall Specimen Database 
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2.3.6. Summary of Experimental Testing of RC Structural Walls 
Select wall specimens of low-shear demand exhibiting compression failures were summarized in 
this section. The main purpose of gathering this database is to validate the proposed constitutive 
modeling parameters developed in Chapter 6; however, despite the variance in testing methods and 
designs, some trends were observed with respect to structural wall performance. 
2.3.6.1. Axial Load Ratio 
The axial load ratio appears to have an effect on the drift capacity. Although not systematically 
tested, specimens with a higher axial load ratio, and other testing parameters relatively similar, 
exhibited reduced drift capacity. A systematic investigation into the specific effects of axial load ratio 
across a range of boundary element detailing is necessary to ensure existing modeling techniques 
accurately represent wall performance. 
2.3.6.2. Boundary Element Detailing 
Boundary element detailing, specifically spacing of transverse reinforcement and the spacing of 
restrained longitudinal bars impacts drift capacity. A clear example of this is shown in Specimens 
WSH4 and WSH6 [30], in which WSH6 exhibited an increased drift capacity over WSH4 (2.0% vs. 
1.5%) despite being subjected to nearly twice the axial load. 
2.3.6.3. Cross-Sectional Aspect Ratio 
The cross-sectional aspect ratio clearly affects drift capacity. Specimens UCLA1 and UCLA3 (with 
cross-sectional aspect ratios of 8.0) exhibited drift capacities of about 3.0%, as compared to between 
1.5% and 2.0% in other specimens of similar axial load ratio and detailing with cross-sectional aspect 
ratios between 12 and 15. Walls with lower cross-sectional aspect ratio may perform better however 
the authors do not make mention as to why this may be. Whitman [37] asserts that walls with smaller 
cross-sectional aspect ratios typically exhibit more plane section behavior, while those with higher 
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cross-sectional aspect ratios do not. Furthermore, Whitman [37] asserts that inadequate boundary 
element length (again due to the inaccurate estimation of the neutral axis locations in higher cross-
sectional aspect ratio walls) may result in significant damage at the boundary element-web interface, 
where significant compression strains are resisted by mildly reinforced concrete.  
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Chapter 3: Experimental Program 
This chapter is a summary of the experimental program for the suite of reinforced concrete prism 
specimens whose data support the research objectives in Chapter 1. The experimental program 
included nineteen rectangular reinforced concrete prism specimens, with testing performed at the 
United States Army Corps of Engineers (USACE) Engineering Research and Development Center 
(ERDC) Construction Engineering Research Laboratory (CERL) facility in Champaign, Illinois. Test 
specimens were representative of modern construction and design practice. Significant design and 
testing variables included: (i) transverse reinforcement detailing and configuration, (ii) longitudinal 
reinforcement, (iii) loading protocol, and (iv) bond of longitudinal reinforcement. 
Advice on construction methods and practices was provided by the University of Illinois Civil and 
Environmental Engineering Machine Shop.  Design oversight was provided by an Applied 
Technology Council (ATC) committee including members from industry (Rutherford & Chekene), 
national standards (National Institute of Standards and Technology), and academia (the University of 
Illinois Urbana-Champaign and the University of Washington). 
Section 3.1 is a summary of the experimental concept, and Section 3.2 describes the general design 
and testing parameters of interest for the experimental program. Section 3.3 and Section 3.4 
summarize the material properties and construction methods, respectively. The test setup and load 
protocol and summarized in Section 3.5, and the instrumentation plan is described in Section 3.6. 
3.1. Experimental Concept 
A special structural wall, as a building component, consists of two unique sub-components: the 
boundary elements and the web. Boundary elements are located on either end of the wall, and provide 
the majority of the flexural capacity through a force-couple. The more lightly reinforced web of a 
structural wall is located between the boundary elements, and provides the majority of the shear 
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capacity. The test specimens were intended to represent the boundary elements in planar special 
structural walls in both design and load application. Uniform tension and compression loading of the 
test specimens is a reasonable estimation of the force-couple demands in boundary elements.  This 
scheme provides excellent time and cost benefits as compared to testing large-scale wall specimens. 
Figure 3.1 is a schematic showing the demands on a structural wall, and how the test specimens were 
representative of a boundary element. 
 
Figure 3.1: Experimental Concept 
The concept does not perfectly mimic the behavior of a boundary element, as the strain profile is 
not perfectly uniform across the boundary element of a structural wall. The stress-based compression 
block in a flexure-dominated section, however, is nearly uniform at ultimate capacity. This, coupled 
with the presence of static and dynamic axial demands, supports the uniform loading estimation of a 
boundary element. The test specimens also varied slightly from a boundary element in that a boundary 
element is laterally restrained by the web portion of the wall on one side. This lateral restraint exists 
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in both the in- and out-of-plane directions, and has a more significant effect in the out-of-plane 
direction due to the lower stiffness in that direction. However, that restraint is limited in slender planar 
walls due to the lower flexural stiffness.  
The test specimens within this experimental program were, as previously described, representative 
of the boundary elements within rectangular structural walls. Such boundary elements typically extend 
from the ends of the wall for approximately 15% of the overall wall length. Test specimens are 2/3-
scale, and are 8 in. (200 mm) thick, 15 in. (380 mm) long, and 40 in. (1015 mm) in height, based on a 
prototypical wall as shown in Figure 3.2. Specimen size is based on the capacity of the testing 
apparatus, and the material properties of the concrete. At full-scale, the test specimens corresponded 
to a structural wall with cross-sectional dimensions of 12 in. (305 mm) thick by 12 ft. (3.7 m.) long. 
Figure 3.2 is a full-scale cross sectional design of the prototypical structural wall. The design shown in 
Figure 3.2 is used in Section 3.2.1 to determine the ACI 318-14 [1] compliance for various boundary 
element details. 
 
Figure 3.2. Prototypical Structural Wall Design 
Specimens were loaded axially either in monotonic compression or reversed-cyclic loading; as 
previously discussed, this loading protocol was representative of the stress and strain demands on 
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boundary elements within structural walls. Figure 3.3 shows the conceptual progression from the 
compression boundary element within the prototypical structural wall shown in Figure 3.1 to the test 
specimens, as implemented within this experimental program. 
 
 
 
(a) (b) (c) 
Figure 3.3: Conceptual Progression between Compression Boundary Element and Test Specimen 
3.2. Parameters of Interest 
This section describes the individual testing parameters within the experimental program. 
Nineteen reinforced concrete prism specimens were grouped into five (5) series, each focused on a 
specific design or testing parameter. Parameters of interest, by series, included: 
1. Series I: ACI 318-14 [1] Boundary Element Detail Classification – specimens within this series 
explored the compressive response of confined concrete for a range of boundary element detailing 
schemes, representative of those permitted in ACI 318-14 [1] for special structural walls. 
2. Series II: Crossties – specimens within this series explored the effects replacing rectilinear closed 
hoops with ACI 318-14 [1] compliant crossties within the boundary element detail. 
3. Series III: No Longitudinal Reinforcement – specimens within this series explored the effect of 
longitudinal reinforcement on the compressive behavior of confined concrete. 
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4. Series IV: Debonding of Longitudinal Reinforcement – specimens within this series explored the 
potential detrimental effects on the confined core arising, through bond, from the deformations 
on the longitudinal reinforcement. 
5. Series V: Loading Protocol – specimens within this series aimed to quantify any differences in 
compressive response of confined concrete between specimens loaded cyclically, and those that 
are loading monotonically. Furthermore, specimens are included in this series that explore the 
effect on confined concrete from significant tensile excursions prior to compression loading. 
Table 3.1 shows the breakdown of each series of tests, and is followed by detailed descriptions of 
the testing parameters corresponding to each series. 
Table 3.1: Test Specimen Matrix 
Specimen 
Detail 
Classification 
Loading 
Longit. 
Reinf. Ratio 
Bond 
Series I – ACI 318-14 [1] Boundary Element Detail Classification 
CS9 OBE Monotonic 2.6% Full Bond 
CS5 SBE Monotonic 2.6% Full Bond 
CS7 xSBE Monotonic 2.6% Full Bond 
Series II – Crossties 
CS14 SBE Cyclic 2.6% Full Bond 
CS15 SBE Monotonic 2.6% Full Bond 
CS10 xSBE Cyclic 2.6% Full Bond 
CS11 xSBE Monotonic 2.6% Full Bond 
CS16 xSBE Cyclic 2.6% Full Bond 
CS17 xSBE Cyclic 2.6% Full Bond 
Series III – No Longitudinal Reinforcement 
CS18 OBE Monotonic 0.0% Full Bond 
CS19 SBE Monotonic 0.0% Full Bond 
CS20 xSBE Monotonic 0.0% Full Bond 
Series IV – Debonding of Longitudinal Reinforcement 
CS12 SBE Cyclic 2.6% 1.5tw De-Bond 
CS13 SBE Monotonic 2.6% 1.5tw De-Bond 
Series V – Loading Protocol 
CS8 OBE Cyclic 2.6% Full Bond 
CS1, CS4 SBE Cyclic 2.6% Full Bond 
CS6 xSBE Cyclic 2.6% Full Bond 
CS2 SBE Pre-Strain 2.6% Full Bond 
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3.2.1. Series I – ACI 318-14 [1] Boundary Element Detail Classification 
ACI 318-14 [1] compliant special reinforced concrete structural walls are intended to provide 
significant deformation capacity in high-seismic zones. This is accomplished by means of distinctive 
detailing requirements within the boundary elements, intended to yield significant compressive strain 
capacity in the confined core. ACI 318-14 [1] compliant detailing classifications for such boundary 
elements falls into two categories, “not special” boundary elements, and “special” boundary elements 
(SBEs). Although not specifically denoted by ACI 318-14 [1], “not special” boundary elements are 
commonly referred to as “ordinary” boundary elements (OBEs); this nomenclature is adopted for the 
purposes of this report. Figure 3.4(a) and Figure 3.4(b) show the ACI 318-14 [1] boundary element 
detailing requirements for SBEs and OBEs, respectively. SBEs are required by ACI 318-14 [1] where 
significant compression strain demands exist in the boundary elements (as prescribed by ACI 318-14 
§18.10.6.2); otherwise, boundary elements must meet the minimum OBE detailing requirements. Note 
that a detailed review of the detailing requirements was presented in Chapter 2 for ACI 318-14 [1], 
including a comparison with the requirements from ACI 318-08 [7] and ACI 318-11 [6]. 
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Figure 3.4: ACI 318-14 [1] Detailing Requirements for (a) Special Boundary Elements (SBEs), and (b) Ordinary 
Boundary Elements (OBEs) 
To investigate the effects of boundary element detailing on compressive response within the 
confined core, Series I specimens were designed using three (3) distinct boundary element detailing 
classifications, as described below. This series of tests employed overlapping rectilinear closed hoops, 
and therefore represents the best-case scenario (in terms of passive confinement using traditional 
transverse reinforcement) for restraint of longitudinal reinforcement. Figure 3.5 shows the full-scale 
equivalent cross-sections of the specimens within Series I, as well as the scaled as-built drawings. 
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1. Ordinary Boundary Element (OBE) – The OBE detail denotes the ordinary boundary element 
detail. This detail meets the minimum requirements for boundary elements of a special reinforced 
concrete structural wall. The provisions governing the OBE detail are relaxed in terms of 
transverse reinforcement spacing as compared with special boundary elements. 
2. Special Boundary Elements (SBE) – The SBE detail denotes the special boundary element detail. 
This detail meets the minimum requirements for boundary elements of a special reinforced 
concrete structural wall. The detailing requirements for a special boundary element are similar to 
those of a reinforced concrete moment frame column, however the transverse spacing 
requirement is somewhat relaxed. 
3. Exceptionally Special Boundary Elements – The xSBE detail denotes the exceptional version of 
the special boundary element detail.  This detail meets the minimum requirements for special 
boundary elements. In addition, each longitudinal bar is restrained by a rectilinear hoop in each 
orthogonal direction. This provision is not required by ACI 318-14 [1] for special or ordinary 
boundary elements, in which only every other longitudinal bar requires orthogonal restraint. 
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Figure 3.5: Series I Cross-Sectional Designs at Full-Scale and 2/3-Scale 
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Figure 3.6 shows the elevation and profile designs (at 2/3-scale), for OBE specimens; Figure 3.7 
shows the same, for SBE and xSBE specimens. Note that these elevations are consistent for all other 
specimens within the experimental program, except where specifically noted in the testing parameters 
descriptions for other Series. 
 
Figure 3.6. (a) Profile, and (b) Elevation of OBE Class Specimens 
 
Figure 3.7. (a) Profile, and (b) Elevation of SBE and xSBE Class Specimens 
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Table 3.2 presents pertinent design values for the full-scale prototypical OBE, SBE, and xSBE 
specimens, as well as the corresponding ACI 318-14 [1] and ACI 318-08/11 [7] [6] design 
requirements. As shown, OBE specimens did not meet the newer ACI 318-14 [1] requirements for 
maximum spacing of transverse reinforcement, however were compliant for the requirements of ACI 
318-11 [6], the governing code at the time of testing. In both tables, Ash is the area of transverse 
reinforcement in a given dimension, s is the transverse reinforcement spacing, bc is the width of the 
confined core, dc is the length of the confined core, lbe is the boundary element length, and b is the 
boundary element thickness. The confined core is defined as the area bounded by the centerlines of 
the outer confining hoops. 
Table 3.2: ACI 318-14 [1] Compliance for Series I specimens 
Specimen 
Type 
Design Value 
ACI 318-08/11 [7] [6] 
Requirement 
ACI 318-14 [1] 
Requirement 
OBE 
𝑙𝑏𝑒 = 22.5" 𝑙𝑏𝑒,𝑚𝑖𝑛 = 16.9" 𝑙𝑏𝑒,𝑚𝑖𝑛 = 16.9" 
𝑏 = 12" - 𝑏𝑚𝑖𝑛 = 12" 
ℎ𝑥 = 8" ℎ𝑥,𝑚𝑖𝑛 = 14" ℎ𝑥,𝑚𝑖𝑛 = 8" 
𝑠 = 7.5" 𝑠𝑚𝑎𝑥 = 8" 𝑠𝑚𝑎𝑥 = 6" 
Hook Ext. = 
3.4” 
Min. Hook Ext. = 3” Min. Hook Ext. = 3” 
SBE, xSBE 
𝑙𝑏𝑒 = 22.5" 𝑙𝑏𝑒,𝑚𝑖𝑛 = 16.9" 𝑙𝑏𝑒,𝑚𝑖𝑛 = 16.9" 
𝑏 = 12" - 𝑏𝑚𝑖𝑛 = 12" 
ℎ𝑥 = 8" ℎ𝑥,𝑚𝑖𝑛 = 14" ℎ𝑥,𝑚𝑖𝑛 = 8" 
𝑠 = 3.75" 𝑠𝑚𝑎𝑥 = 4" 𝑠𝑚𝑎𝑥 = 4" 
𝐴𝑠ℎ1 =
0.40 in2 
𝐴𝑠ℎ,𝑚𝑖𝑛 = 0.37 in
2 𝐴𝑠ℎ,𝑚𝑖𝑛 = 0.37 in
2 
𝐴𝑠ℎ2 =
1.00 in2 
𝐴𝑠ℎ,𝑚𝑖𝑛 = 0.35 in
2 𝐴𝑠ℎ,𝑚𝑖𝑛 = 0.35 in
2 
Hook Ext. = 
3.4” 
Min. Hook Ext. = 3” Min. Hook Ext. = 3” 
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3.2.2. Series II – Crossties 
It is rarely feasible to construct reinforcement cages in the field without the use of crossties. 
Typically, crossties are used to restrain peripheral longitudinal bars not located at the boundary 
element corners for ease of construction. Such crossties typically terminate with a 90o hook on one 
and a 135o hook on the other. It was postulated that after spalling, the 90o bend of the crosstie cannot 
provide any significant restraint for the corresponding longitudinal bar; the longitudinal bar on the 
other end of the crosstie is therefore reliant on the bond of the crosstie within the core for restraint. 
A schematic depiction of this performance is shown in Figure 3.8. 
 
Figure 3.8: Hypothetical 90o-135o Crosstie Failure Mechanism 
To investigate this phenomenon, specimens within Series II were constructed as variants on the 
detail classifications described in Section 3.2.1, that employed the use of either 90o-135o or 135o-135o 
crossties in various configurations at various boundary element detailing classifications. Figure 3.9 
shows schematic cross-sections of the full-scale SBE variants specimens, and Figure 3.10 shows the 
xSBE variant specimens; 2/3-scale specimen as-built drawings are also shown. 
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Figure 3.9: SBE Crosstie Variant Cross-Section Design at Full-Scale and 2/3-Scale 
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Figure 3.10: xSBE Crosstie Variant Cross-Section Designs at Full-Scale and 2/3-Scale 
ACI 318-14 [1] permits the use of crossties (or seismic hooks) in place of rectilinear closed hoops 
to restrain longitudinal reinforcement. The code requires that crossties are alternated in both in the 
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longitudinal direction and along the length of the boundary element to prevent 90o hooks on 
consecutive longitudinal bars. The code requires per ACI 318-14 § 25.3.2 that extensions for both 90o 
and 135o hooks are at least the greater of 6db and 3 in. (76 mm). Furthermore, ACI 318-14 § 25.7.2.2 
requires a minimum crosstie bar diameter of #3 for longitudinal bars of #10 or smaller. The full-scale 
crossties are #4, and have hook extensions of approximately 3.3 in. (84 mm) and therefore meet both 
requirements. 
3.2.3. Series III – No Longitudinal Reinforcement 
It was postulated that the stability of the longitudinal reinforcement is significantly related to the 
confined core behavior. As longitudinal reinforcement buckles, the concrete core can no longer be 
considered confined by the reinforcement cage. This action is accompanied by a significant reduction 
in the load-carrying capacity and the deformation capacity of the boundary element. 
To quantify this effect, specimens within Series III were constructed without longitudinal 
reinforcement. Specimen CS18 was an OBE class detail, specimen CS19 was an SBE class detail, and 
specimen CS20 was an xSBE class detail. Cross-sectional designs for these specimens are identical to 
those shown in Figure 3.5, however the longitudinal reinforcement is omitted. 
3.2.4. Series IV – Debonding of Longitudinal Reinforcement 
Early test results indicated a consistent damage zone in the upper third of each specimen, which 
was thought to be due to a combination of casting position and concrete fracturing due to elongating 
reinforcement. As the bars elongate, their deformations may fracture the surrounding concrete, 
causing a significant loss in strength and ductility. 
To investigate this effect, the longitudinal reinforcement in specimens CS12 and CS13 was de-
bonded from the concrete over a length of approximately 1.5b (12 in. [305 mm]) from the top of the 
specimen, where b is the specimen thickness. These specimens were of the SBE class detail, so that 
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the results were comparable to other standard SBE class specimens. The cross-section designs for 
these specimens were identical to the SBE cross-sectional design shown in Figure 3.5. The intent was 
to force the damage zone away from the top of the specimen in order to confine the damage to a 
location away from where a joint would be. Figure 3.11 is a schematic showing the de-bonded portion 
of the reinforcement for specimens CS12 and C13. 
 
Figure 3.11: De-Bonded Specimen Concept 
3.2.5. Series V – Loading Protocol 
It was postulated that cyclic loading may result in significant loss in strength and ductility due to 
both tensile cracking in the concrete and fracturing of concrete from elongation of longitudinal 
reinforcement. To further investigate the effects of loading protocol, cyclic tests are carried out on 
identical prism specimens to those tested monotonically. Early tests consistently indicated that 
reversed-cyclic loading had little effect on the strength or deformation capacity, and therefore not all 
specimens were duplicated for both monotonic and cyclic loading. 
More recent studies [12], [21], [23], [24] indicated further that the magnitude of the tensile strain 
experienced by the specimen, prior to compressive loading, is specifically related to the load-carrying 
capacity of the boundary element. A large tensile excursion may exacerbate the effects of tension 
94 
 
damage in the core due to bar elongation, and may also reduce stability due to inconsistent crack 
closure. To further investigate this phenomenon, specimen CS2 was loaded to 5.0% tensile strain prior 
to the standard gradually increasing cyclic loading history.  Information on specific load protocol for 
all specimens can be found in Section 3.5. 
3.3. Material Properties 
This section provides information on the material properties of both the concrete and 
reinforcement in the test specimens. Section 3.3.1 summarizes the material properties for the concrete, 
while Section 3.3.2 summarizes the material properties for the reinforcing steel. 
3.3.1. Concrete Material Properties 
Concrete batching, mixing, and delivery services were procured from Prairie Material of Central 
Illinois. The concrete mix was relatively standard, and did not include any special additives. A self-
consolidating concrete (SCC) mix was considered, however a standard mix was preferred as it is more 
representative of typical medium rise reinforced concrete structures. The design strength of the 
concrete was 3,500 psi (24 MPa), with the expectation of approximately 500 to 1,000 psi (1.7 to 3.4 
MPa) overstrength. The maximum coarse aggregate size was 3/8 in. (9.5 mm), as compared with the 
limited cover of 3/4 in. (16 mm), to prevent coarse aggregate from wedging between the 
reinforcement cage and formwork. The water to cement ratio (w/c) was 0.52; a high w/c ratio was 
required to ensure a reasonable strength ceiling based on the limitations of the testing facility. The mix 
design is shown in Table 3.3 per cubic yard (0.76 cubic meters). As freeze-thaw was not an issue, no 
significant amount of air was entrained.  
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Table 3.3: Concrete Mix Design 
Sand (FA-01) 1396 (633) lbs. (kg.) 
Coarse (Chips CM-16) 1851 (840) lbs. (kg.). 
Cement (Type I/II) 404 (183) lbs. (kg.). 
Fly Ash (Class C) 66 (30) lbs. (kg.). 
Water 29.1 (110.2) gal. (L.) 
Air (AE-90) 5.0 % 
 
The mix design was consistent for all test specimens, however not all specimens could be cast at 
the same time requiring multiple deliveries (and therefore multiple batches of concrete). Table 3.4 
shows the batch number for each group of specimens cast throughout the tenure of the project. 
Table 3.4: Specimen Casting Group Batches 
Specimens Batch 
CS1, CS2, CS4-CS9 1 
CS10-CS15 2 
CS16-CS20 3 
 
ASTM C143-12 [39] provides the methods and procedures with which to test the slump of 
concrete. Slump testing of each batch delivery included rodding 25 times per each of three layers. The 
measured slump met or exceeded the target requirements for all batches. Compressive strength was 
based on compressive strength tests performed on 6x12 cylinders, as prescribed by ASTM C39-15a 
[40]. The modulus of rupture was based on flexural beam tests performed on 6x6x21 beams, as 
prescribed by ASTM C78-10 [41]. Cylinder and beam preparation included 25 rods per each of two 
layers with a troweled finish. The curing practice of all material test specimens included continuously 
wetted burlap covered with plastic tarp for seven days. 
Cylinder testing occurred at 28 days after casting, and on or near specimen test day per the 
provisions of ASTM C39-15a [40]. Material testing occurred at the University of Illinois Civil 
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Engineering Concrete Lab using the Forney testing machine (cylinder tests) and the MTS 20 kip 
uniaxial test frame (beam tests). 
Table 3.5 indicates the test day measured compressive strength (fc’), measured modulus of rupture 
(ft), and calculated modulus of elasticity (Ec). The modulus of elasticity is calculated using Equation 
3.1. 
 Ec=57√fc' Equation 3.1 
where, 
fc’ is the test day cylinder strength of the concrete in psi. 
Table 3.5: Concrete Material Test Day Strengths 
Specimens 
fc’ – 28-Day 
psi (MPa) 
fc’ - Test Day 
psi (MPa) 
Ec 
ksi (MPa) 
ft 
psi (MPa) 
CS1, CS2, CS4 
3,960 (27) 
3,960 (27) 3,588 (25) 824 (6) 
CS5 4,065 (28) 3,634 (25) 824 (6) 
CS6, CS7, CS8, CS9 4,285 (30) 3,731 (26) 921 (6) 
CS10, CS11, CS13 
3,836 (26) 
3,836 (26) 3,530 (24) 675 (5) 
CS12, CS14, CS15 4,084 (28) 3,643 (25) 667 (5) 
CS16, CS17 
4,608 (32) 
4,895 (34) 3,988 (28) 892 (6) 
CS18, CS19, CS20 4,911 (34) 3,994 (28) 933 (6) 
 
7- and 14-day cylinder tests provided additional data regarding the near age concrete compressive 
strength for the first batch of specimens. This data provided guidance as to when the forms could be 
stripped, and when specimens could be moved following casting.  Curing data is shown in Figure 3.12. 
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Figure 3.12: Batch 1 Cylinder Strength over Curing Period 
3.3.2. Reinforcing Steel Material Properties 
Gerdau Ameristeel in Decatur, Illinois provided the reinforcement for this project, at cost. 
Longitudinal reinforcement for all test specimens was #5 Grade 60 ASTM A615 [42] steel. Transverse 
reinforcement for all test specimens was #3 Grade 60 ASTM A706 [43] steel. As previously 
mentioned, specimen casting occurred in three groups (see Table 3.4), a function of the developing 
test matrix. Unique batches of reinforcement were required for each batch of specimens due to low 
stock from each previous delivery.  
The transverse steel in the first group of prism specimens originated from available A706 stock at 
the CERL facility from another project. Further transverse reinforcement procured from Gerdau 
Ameristeel matched the original transverse reinforcement material properties as closely as possible. 
The axial nature of testing and the focus on compressive response allowed for the use of A615 
longitudinal reinforcement as opposed to A706. Successive batches of A615 steel matched the material 
properties of the original delivery as closely as possible. 
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Reinforcement material properties were based on standard tension tests, per ASTM A370-14 [44], 
performed on each batch of reinforcement using the 1,000 kip MTS Uniaxial Test Frame at the CERL 
facility. A 2 in. (51 mm) extensometer was installed at mid-height of the rebar specimen Results are 
only noted if the tension failure (fracture) occurred within the extensometer gage length to ensure 
accuracy. Figure 3.13 shows a representative longitudinal reinforcement tensile test result from the 
third group of prism specimens. 
 
Figure 3.13: Prism Specimen Group 3 Longitudinal Reinforcement Tensile Test Results 
Transverse reinforcement arrived from the mill in coils, from which crossties and rectilinear hoops 
were fabricated. This did not allow for true straight rebar specimens for use in material testing for the 
transverse reinforcement. However, mill reports (that were verified by means of the longitudinal 
tension tests for longitudinal reinforcement) provide all pertinent information. Table 3.6 shows the 
yield stress (fy), yield strain (εy), ultimate stress (fu), ultimate strain (εu), and calculated modulus of 
elasticity (Es). The modulus of elasticity is based on the elastic slope from the tension test results. Note 
that the ultimate strain is not available from the mill reports for transverse reinforcement. 
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Table 3.6: Steel Reinforcement Material Properties 
Specimens 
Bar 
Size 
fy 
ksi 
εy 
% 
fu 
ksi 
εu 
% 
Es 
ksi 
Longitudinal Reinforcement 
CS1, CS2, 
CS4-CS10 
#5 82.4 0.31 98.8 19.8 28,130 
CS10-CS15 #5 82.5 0.31 100.1 21.4 28,100 
CS16-CS20 #5 79.0 0.32 98.6 21.9 28,150 
Transverse Reinforcement 
CS1, CS2, 
CS4-CS10 
#3 68.9 .28 100.3 - 29,560 
CS10-CS15 #3 67.8 .29 100.6 - 29,870 
CS16-CS20 #3 65.4 .29 98.5 - 29,910 
 
3.4. Specimen Construction 
This section summarizes the construction methods used for the test specimens, which were 
constructed at the United States Army Corps of Engineers (USACE) Engineering Research 
Development Center (ERDC) Construction Engineering Research Laboratory (CERL) facility located 
in Champaign, Illinois. Specimen were cast vertically, representative of common construction practice 
for walls and columns. 
3.4.1. Reinforcing Steel Cage Construction 
The longitudinal reinforcement protruded approximately 5 in. (127 mm) from the top and bottom 
concrete faces, providing a connection point for the loading brackets (see Section 3.5). A wooden 
form template provided support for the ten (10) #5 longitudinal bars and aided in maintaining the bar 
spacing.  Installation of the transverse reinforcement followed, including sliding the hoops and/or 
crossties onto the longitudinal bars as necessary. Tie-wire was used to tie the reinforcement cages 
together and maintain spacing integrity during casting.  Strain gauge installation occurred after cage 
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completion, and is explained further in Section 3.6.  Figure 3.14 (a) shows a representative test 
specimen reinforcing cage under construction, and Figure 3.14 (b) shows a group of completed test 
specimen reinforcing cages. 
  
(a) (b) 
Figure 3.14: Representative Prism Specimen Reinforcing Cages (a) under Construction, and (b) Completed 
In Specimens CS12 and CS13, the top 12 in. (305 mm) of longitudinal reinforcement was sheathed 
to prevent bond with the concrete. The sheathing consisted of heavy roofing paper wrapped around 
the bars, with the paper edge tightened and sealed with duct tape. This sheathing provided an excellent 
barrier against the concrete without removing any significant amount of concrete cross-sectional area.  
Figure 3.15 (a) shows some sheathed longitudinal bars, and Figure 3.15 (b) shows a completed “de-
bonded” prism specimen reinforcing cage. 
  
(a) (b) 
Figure 3.15: (a) Sheathed Reinforcing Bars, and (b) Completed "De-Bonded" Prism Specimen Cage 
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Specimens CS18, CS19 and CS20 were constructed without vertical reinforcement. Instead, small 
wooden dowels provided a template with which to arrange and secure the hoops. The wooden dowels 
provide negligible strength or buckling restraint for these specimens, but allowed for a similar 
construction process. Figure 3.16 shows an example test specimen reinforcing cage constructed 
without longitudinal reinforcement. 
 
Figure 3.16: Prism Specimen Reinforcing Cage without Longitudinal Reinforcement 
 
3.4.2. Wooden Formwork 
The test specimen formwork was constructed with plywood and dimensional lumber, and was 
designed to resist the hydrostatic pressures caused by wet concrete. All formwork was assembled using 
wood screws. The specimens were 40 in. (1.02 m.) in height, which corresponds to an approximate 
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hydrostatic pressure of 500 PSF (24 kPa); this resulted in a maximum hydrostatic force of about 1 kip 
(4.5 kN). The combination of plywood and dimensional lumber braces provided adequate strength 
and stiffness to eliminate the need for tension ties through the specimen or diagonal support braces.   
Fabricated wooden plates, installed at the top and bottom of the formwork, provided support and 
alignment for the longitudinal reinforcement. These plates also provided stability for the reinforcing 
cage during casting, significantly reducing the need for chairs, which can cause balling and voids in 
congested reinforcement cages. Furthermore, the plates allowed for a more precise method of 
centering the reinforcement cage and maintaining equal cover throughout the cross-section and along 
the height of the specimen. Large cutouts in the middle of the top plate allowed for concrete casting 
into the forms below. Figure 3.17 shows a completed wooden form with (a) and without (b) a 
reinforcing cage installed. The wooden cap and base plates are also shown in these figures. 
 
 
 
(a) (b) 
Figure 3.17: Formwork (a) with, and (b) without Installed Reinforcing Cage 
The second and third batches of specimens employed an enhanced instrumentation plan, which 
included the use of cast-in high-strength steel rods on both the front and rear faces of the test 
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specimens. These rods provided anchorage points for photogrammetric targets (front face) and 
relative displacement string potentiometers (rear face), and allowed for core measurements beyond 
spalling. More information on the instrumentation plan, and adjustments made throughout the course 
of testing, is located in Section 3.6. The high-strength steel rods were ¼ in. (6.4 mm) in diameter, and 
were attached to the reinforcement cage using tie wire. The rods, eight on the front and two on the 
rear, protruded through the wooden formwork via drilled holes. The small size and installation 
configuration of the rods presented no significant changes to the test specimens in terms of 
compressive behavior. 
3.4.3. Specimen Casting 
Test specimens were cast vertically upon completion and acceptance of the slump tests, following 
delivery from Prairie Material, the ready-mix supplier. The casting process included hand placing of 
fresh concrete using five gallon buckets through the access holes at the top of the specimen forms. 
During this process, mechanical vibration was performed using a pencil vibrator, at approximately 5 
to 10 in. (127 to 254 mm) height-of-concrete intervals, to provide adequate consolidation and prevent 
segregation. The last lift of fresh concrete was cast to overflow the top of the formwork, in order to 
provide enough material to make a finished surface. The excess concrete was troweled for as smooth 
a finish as possible, considering the protruding longitudinal bars.  Figure 3.18 shows a specimen being 
cast with this method. 
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Figure 3.18: Prism Specimen Casting 
Specimen curing took place under humid conditions, by means of daily wetted burlap sealed with 
plastic tarp, for seven days. Material testing samples were cured in the same manner to ensure proper 
correlation with test specimen material properties. Figure 3.19 shows a group of specimens curing in 
this manner with the burlap (a) and the tarp (b). Forms were stripped after three days, although humid 
curing conditions continued through the full seven days. The form stripping schedule was based on 
preliminary tests of material testing samples, as described in Section 3.3.1. Figure 3.20 shows a group 
of de-formed specimens under similar curing conditions (the plastic tarp was also placed over the 
wetted burlap). 
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(a) (b) 
Figure 3.19: Specimen Curing Conditions with (a) Wetted Burlap, and (b) Plastic Tarp 
 
Figure 3.20: Curing De-Formed Prism Specimens 
The protruding rebar and wood cap plate prevented a perfectly level finish, and therefore at 28 
days, Hydrocal gypsum cement was cast on the top of the test specimens for a smooth and level 
loading surface. The bottom of the specimens, being cast against a flat wood plate, was adequately 
smooth and level, save for minor areas near the longitudinal bar protrusions; these regions were hand-
chipped as necessary. 
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3.5. Test Setup and Loading Protocol 
This section describes the general test setup and loading protocol for the suite of test specimens. 
All test specimens were tested vertically (in the same orientation as casting) in uniaxial tension and 
compression using the MTS 1,000 kip Test Frame at the CERL facility. Steel loading brackets replaced 
more traditional monolithically cast foundations and caps due to the limited available height of the 
testing machine. 
3.5.1. Loading Brackets 
Loading brackets attached to the protruding rebar on the top and bottom of the test specimens, 
providing a positive connection in the test frame that allowed for both tension and compression 
loading. Figure 3.21 shows the design drawings for a single loading bracket, which consists of a base 
plate and a grip plate that were fastened together using three 1-1/8 in. (29 mm) diameter high-strength 
steel socket head screws. The base plate was drilled to allow for protrusion of the longitudinal bars, 
which were fastened to the plate using Dayton Superior D260-#5 Bar-Lock Weldable Couplers. The 
loading brackets were designed for both strength and serviceability under the maximum loading 
capacity of the test frame to ensure adequate and uniform load transfer between the test frame and 
the test specimen. Figure 3.22 is a photo of a loading bracket as attached to a test specimen.   
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Figure 3.21: Loading Bracket Design Drawings 
 
Figure 3.22: Prism Specimen with Loading Bracket Installed at Top 
Specimens CS18, CS19 and CS20 did not have longitudinal reinforcement, and therefore could 
not be attached to the loading brackets in this manner. In these cases, the loading brackets were 
attached to the specimen using drilled and epoxied pieces of rebar on the top and bottom of the test 
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specimens. These test specimens were tested in monotonic compression, and therefore only a positive 
connection with the test frame was required as opposed to a tension load path in the other test 
specimens. 
Early tests (specimens CS1 and CS2) indicated compression loading of the longitudinal 
reinforcement solely through bond, without any mechanical loading from the loading plates above or 
below. The gap between the coupled bar ends and the test frame grip head did not provide mechanical 
anchorage between the bars and loading mechanism, and therefore the only load path was through 
bond. To account for this situation, two large steel block spacers were added to each of the loading 
brackets, each fitting on one of the curtains of reinforcement. Figure 3.23 is a photo of a test specimen 
with the steel blocking installed at the top. Although not a complete remedy, this method allowed for 
mechanical loading of longitudinal reinforcement much earlier, as the steel blocking engaged the grip 
heads of the test frame. As further explained in Chapter 4 and Chapter 5, this issue is accounted for 
by measuring the strain in the longitudinal steel and removing the contribution of the steel for an 
accurate measurement of confined core concrete behavior. 
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Figure 3.23: Prism Specimen with Adjusted Loading Bracket Installed at Top 
3.5.2. Testing Setup 
The MTS 1,000 kip Test Frame at the CERL facility was capable of both compression and tensile 
loading, by means of the MTS wedge grips installed in the grip heads at the top and bottom of the 
frame. The heads were pressurized to a given pressure (8,000 psi (55 MPa) was used for these test 
specimens), which clamped the wedges around the grip plate portion of the loading bracket at the top 
and bottom. The test frame was also equipped with the MTS “Align-O-Matic” system, which 
pressurized the grip heads to secure them from rotating during the test. This prevented damage to the 
actuator and test frame, as well as ensuring proper centric loading. 
Specimens were moved into the test frame using a forklift, lifted by the top loading plate. The 
specimens were lowered into the bottom grip head of the test frame, after which the lower grip head 
was pressurized to hold the specimen in place. The specimen was then lifted, using the test frame 
actuator (located below the lower grip head), until the actuator was at mid-stroke, at which point the 
specimen was vertically leveled. The upper grip head of the test frame was then lowered onto the top 
110 
 
loading bracket and pressurized. Lastly the MTS “Align-O-Matic” was pressurized, which prevents 
rotation of the heads (the grip heads could rotate prior to pressurization for alignment purposes).  
Figure 3.24 shows a representative test specimen fully prepared in the test frame. 
 
Figure 3.24: Prism Specimen in the MTS Test Frame Prior to Testing 
3.5.3. Loading Protocol 
The MTS Test Star II control software that was integrated with the MTS 1,000 kip Test Frame at 
the CERL facility was used for loading control of the test specimens. The software as capable of both 
load and displacement-based control, as well as a breadth of built-in loading profiles, such as sine 
waves, step functions, and ramp functions. A combination of ramp functions and pauses made up 
both the cyclic and monotonic loading protocols used in specimen testing. 
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Prism specimens were tested in displacement control to avoid any loading complications during 
the post-peak response. For normalization of results, displacement was reported as normalized axial 
displacement using vertical string potentiometers (described in Section 3.6.1), defined as the measured 
axial displacement divided by the height over which displacement was measured (between the loading 
plates). The linear variable displacement transducer (LVDT) in the MTS 1,000 kip Test Frame actuator 
provided the basis for this displacement control, as the MTS control software was not set up for 
control by means of external signals. As further described in Chapter 4, these displacements were not 
used in determining the specimen deformation response, only for loading control. 
Monotonic specimen tests were considered complete when the post-peak load-carrying capacity 
reached approximately 30% or less of the peak strength. This ensured that the full range of essential 
compressive response was captured during the test. The load rate for all monotonic specimens was 
0.15 in. (3.8 mm) per minute. Table 3.7 shows the monotonic load protocol, as defined by the actuator 
LVDT displacement data. As previously mentioned, loading was paused at each step increment for 
data acquisition. Monotonic tests took between 2 and 3 hours to complete. 
Table 3.7: Monotonic Load Protocol 
Displacement Range, 
in. (mm) 
Normalized Axial 
Displacement Range 
Step Increment, 
in. (mm) 
Step Increment 
0 – 0.40 (10.2) 0.1% - 1.0% 0.04 (1.01) 0.10% 
0.40 (10.2) - Fail 1.0% - Fail 0.10 (2.54) 0.25% 
 
Cyclic specimens were loaded with gradually increasing peak displacements in compression and 
tension, up to 3.0% normalized axial displacement. Each peak displacement included two cycles in 
tension and compression, with photogrammetry steps which occurred more often in the first cycle as 
compared with the second cycle. The load rate was increased at various stages throughout the load 
protocol, as shown in Table 3.8, to expedite testing at higher peaks while maintaining reasonable 
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loading conditions. The initial load rate was 0.10 in./min., and the maximum load rate was 0.50 
in./min. A constant rate ramp function for compressive loading (up to 5.0% normalized axial 
displacement) followed the end of the cyclic loading protocol (after the second final peak tension 
cycle) if sufficient load loss was not realized after the second compression cycle to 3.0% normalized 
axial displacement. Table 3.8 shows the cyclic load protocol, as defined by the actuator LVDT 
displacement data. Cyclic tests took between 5 and 6 hours to complete. 
Table 3.8: Cyclic Load Protocol 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.06 (1.52) 0.15% 1-2 0.10 (2.5) 
0.12 (3.05) 0.30% 3-4 0.10 (2.5) 
0.24 (6.10) 0.60% 5-6 0.25 (6.4) 
0.40 (10.16) 1.00% 7-8 0.25 (6.4) 
0.60 (15.24) 1.50% 8-9 0.25 (6.4) 
0.80 (20.32) 2.00% 10-11 0.50 (12.7) 
1.20 (30.48) 3.00% 12-13 0.50 (12.7) 
2.00 (50.80) 5.00% 14 0.50 (12.7) 
 
3.6. Instrumentation 
This section describes the contact and noncontact instrumentation employed throughout the 
experimental program. The instrumentation plan aimed to capture absolute displacement 
measurements, relative displacement measurements, specimen expansion through the thickness, 
reinforcing steel strain measurements, and three-dimensional displacement mapping. Specific interest 
in localized behavior resulted in slight adjustments to the instrumentation plan following the first few 
tests (as further explained later in this section). 
3.6.1. Contact Instrumentation 
The purpose of the contact instrumentation was to measure the absolute and relative 
displacements of the test specimens, and to measure the strain in both the longitudinal and transverse 
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reinforcement. Absolute and relative displacements were measured using string potentiometers, while 
strains were measured using strain gauges. 
The absolute axial displacement of the prism specimens was measured using two Celesco PT8101 
string potentiometers. These 20 in. (508 mm) stroke string potentiometers were installed on the base 
plate portion of the loading brackets on either side of the prism specimens, as shown in Figure 3.25. 
This provided redundancy, and an indication of any non-uniform loading in the specimen plane. The 
absolute axial displacement was also measured using the noncontact photogrammetry system as a 
means of validation, which is described later in this section. 
Relative deformation was measured at the third points of the prism specimens to more accurately 
calculate the compression or tension strain over the height of the specimen. This data provided insight 
into high-strain zones of the prism specimens, which typically correspond to eventual damage zones. 
The relative axial displacement of the prism specimens was measured using two Celesco PT101 string 
potentiometers. These 10 in. (254 mm) stroke string potentiometers were fixed to a column behind 
the MTS 1,000 kip Test Frame. The strings intersected the top loading bracket horizontally from the 
column, wound around pulleys, and were affixed to either epoxied or cast-in high-strength steel ¼ in. 
(6.4 mm) rods. The threaded rods were located at the third points along the height of the specimen. 
Figure 3.25 shows a profile and an elevation of the relative deformation instrumentation layout. Note 
that the string potentiometers used to measure relative deformation were added to the instrumentation 
plan later, and therefore this data is only available for specimens CS6 through CS20. 
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Figure 3.25: String Potentiometer Layout (Absolute and Relative Measurements) 
Expansion of the specimen in the direction of the thickness was measured with “expansion 
gauges”. An expansion gauge is essentially a steel rod that runs, de-bonded, through the thickness of 
the specimen, with a strain gauge installed in the middle. The rod was locked to the specimen on 
either end with tightened washers and nuts. As the specimen expanded, the concrete surface 
engaged the washers, resulting in tension in the steel rod, which was measured by the strain gauge. 
The gauges quickly exceeded their elastic limit, and therefore only measured absolute expansion in 
an envelope form. The expansion gauges were installed at the top and bottom of the specimens, and 
provided insight into the localized compressive strain behavior in those regions. Figure 3.26 shows 
one end of an expansion gauge, and  
Figure 3.27 shows their installation layout. Note that the expansion gauges were added to the 
instrumentation plan later, and therefore this data is only available for specimens CS4 through CS20. 
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Figure 3.26: Expansion Gauge Installation 
 
Figure 3.27: Expansion Gauge Layout 
The strain in both the longitudinal and transverse reinforcing steel was measured using Texas 
Measurements YEFLA-5-5LT high-elongation strain gauges. Figure 3.28 shows the strain gauge layout 
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for the prism specimens. According to manufacturer documentation, these gauges were rated up to 
15% strain; however, in the presence of cast concrete, the gauges unfortunately rarely remained active 
beyond approximately 1% normalized axial displacement in compression, despite the protection 
afforded. 
 
Figure 3.28: Strain Gauge Layout 
Strain gauges were installed on reinforcing bars prior to casting using best practice methods to 
protect the gauges and avoid unnecessary loss in bar cross-sectional area. These best practice methods 
have been developed through experience and advice from both the manufacturer and colleagues. In 
general, methods include surface preparation, installation, and protection in the area where the gauge 
is located. The surface preparation phase included grinding and sanding of the bar to a smooth surface, 
followed by acid washing and base neutralization. The installation phase included applying Texas 
Measurements CN-Y glue to the strain gauge and locating it in the desired location. The gauge was 
held in place, by hand, to allow for ample curing time (approximately 2 minutes). The lead wires of 
the strain gauges were attached to the bar with strain relief. The gauges were protected from moisture 
damage using liquid polyurethane that cured in approximately 15 minutes. The gauges were protected 
117 
 
from mechanical damage by a sizable portion of tar. The bar was wrapped, at the installation site, in 
metal foil, which is easily damaged and helped to identify physical damage during the lead time prior 
to casting. Gauges were tested for proper functionality between each phase, upon a completed install, 
and prior to testing. 
3.6.2. Noncontact Instrumentation 
Photogrammetry was used as a means of noncontact instrumentation, both to provide specimen 
displacement information and redundancy for contact instrumentation measurements. The basic 
principles of photogrammetry are quite similar to that of GPS, where multiple sources are used to 
triangulate a specific location. In the case of photogrammetry, multiple cameras of known (and fixed) 
focal lengths snap photos of a common photogrammetric target. Both the target size and the focal 
lengths of the cameras are known, and therefore the absolute distance between the target and each 
camera can easily be calculated. Simple triangulation, using a measured scale included in each camera 
field of view, is then used to locate the target in a three-dimensional coordinate system.  A minimum 
of three cameras are required for this process, however more cameras, strategically placed, can provide 
more accurate results.  
PhotoModeler [45], a software suite developed by EOS Systems, was used for triangulation of 
target locations throughout each test. However, the software was only capable of processing one step 
at a time, and therefore a Visual Basic code, embedded in Microsoft Excel [46], was used to expedite 
post-processing by integrating with the Photomodeler software. The Visual Basic code yielded target 
locations for each step in each test in Microsoft Excel tabulated format. This data was post-processed 
using MathWorks Matlab [47] to develop strain maps and gradients along the height of the specimen. 
Initial system tests indicated that the photogrammetry system was accurate to approximately 
0.25% in the planar coordinates, and approximately 2.00% in the out-of-plane dimension, based on a 
stationary 2 in. (102 mm) grid of targets at approximately the same distance from the cameras as the 
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specimens. Strain was measured on a 4 in. (204 mm) grid of targets (as discussed below), and therefore 
the error in strain data from the photogrammetry was approximately 0.13% in-plane, and 1.00% out-
of-plane. This error was on the same order of magnitude as the unconfined peak strain for concrete 
(0.20%) and the yield strain of steel (0.30%). However, specimens exhibited compressive average 
strains of approximately 1% to 5%, and therefore the photogrammetry was acceptable for a qualitative 
review of the compressive strain distribution in-plane. However, the significant inaccuracy in the out-
of-plane dimension resulted in the system being split into two separate two-dimension systems, one 
to measure the planar displacements on the front face of the test specimens, and the other to track 
the out-of-plane displacements viewed (in-plane) from the side of the specimens. This split occurred 
prior to testing specimen CS4, and therefore out-of-plane data is only available for specimens CS4 
through CS20. 
The first photogrammetry system measured local deformations on the front of the specimen. 
Photogrammetric targets were arranged on a 4 in. (102 mm) grid, and four Canon Rebel T3i cameras 
with 10 mm fixed focal length lenses were affixed to stands pointed at the specimen. The purpose of 
this setup was to measure the localized deformations in the plane of the specimen, and perhaps even 
be able to compare experimental results to a finite element analysis. In addition, targets were fixed to 
the loading brackets to measure any non-uniformity of loading in the plane of the specimen, as well 
as validate the absolute deformation measurements form the string potentiometers.  Validations for 
all specimens are shown in further detail in Appendix C.  Figure 3.29 shows the in-plane 
photogrammetric setup, although the two extra cameras in the middle were actually used elsewhere 
following the split in the system. Figure 3.30 is a photo of a representative specimen with the 
photogrammetric targets installed. 
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Figure 3.29: In-Plane Photogrammetric Setup 
 
Figure 3.30: In-Plane Photogrammetric Target Layout 
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Cardstock targets were affixed to the surface of the specimens using high-strength glue. However 
at similar locations to that of the relative deformation instruments, targets were affixed to cast-in high-
strength steel ¼ in. (6.4 mm) diameter all thread rods. This provided stability of measurement for 
these specific targets even beyond the spalling damage state. The peripheral targets at the third points 
along the specimen were installed in this manner, and can be seen as raised from the concrete surface 
in Figure 3.30. Note that the cast-in targets were not added to the instrumentation plan until the 
second batch of specimens were cast, and therefore data is only available for specimens CS10 through 
CS20. 
The second photogrammetry system measured the out-of-plane displacement of the test 
specimens throughout the testing protocol. A single Canon Rebel T3i camera with a 10 mm fixed 
focal length lens was fixed with a field of view of one side of the specimen, on which orthogonal lines 
were drawn. An example view from this camera is shown in Figure 3.31. 
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Figure 3.31: Photogrammetric Grid for Out-of-Plane Measurements 
Three cameras were not required in this system, as targets were not automatically tracked using 
the Photomodeler software. This system was simply post-processed manually by tracking (in the 
Photomodeler software) the intersection points of the drawn grid on the side of the specimen at 
specific load steps. The point locations were reported by Photomodeler in pixels, and therefore the 8 
in. (204 mm) thickness of the specimen was used to develop a scale. The initial photo step was used 
to eliminate any error in horizontal measurement arising from the angle of the specimen with respect 
to the field of view, namely the horizontal component of the vertical displacement due to loading, as 
shown in Figure 3.32 and Equation 3.2 through Equation 3.4. This method used less equipment, but 
required a significantly higher level of post-processing work. 
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Figure 3.32: Formulation of Out-of-Plane Deformation Measurements 
 θ= tan (
y
A
-y
B
xB-xA
) Equation 3.2 
 𝛥𝑦,𝑥=(y2-y1) sin θ Equation 3.3 
 𝛥𝑥=(x2-x1) − 𝛥𝑦,𝑥 Equation 3.4 
 
where, 
Δy,x is the “x” component of the displacement in “y”, and 
Δx is the displacement in “x”. 
Photogrammetry was not integrated into the MTS control system, as the software and hardware 
were externally controlled. Shutters on the photogrammetry cameras were triggered in series, and 
therefore the shutter release on the last camera occurred about a second after the first camera’s shutter 
release. These shutter releases were aligned with the load protocol pauses, described earlier, to ensure 
a static specimen throughout the shutter release series. Contact instrumentation measurements were 
also acquired during these pauses as a means for comparison with photogrammetric data. 
123 
 
3.6.3. Data Acquisition Systems  
A Pacific Instruments P6033 control module with a daisy-chained P6033 slave module provided 
data acquisition for all test specimens. This combination of hardware provided up to 112 channels for 
data acquisition. A custom built patch panel provided an interface between the data acquisition system 
and the sensors, using CAT5E Ethernet ports as opposed to a classic wiring termination board. This 
provided an efficient “plug and play” method of sensor swapping between tests, and eliminated the 
need for soldering prior to each test. 
The internal Wheatstone bridges in the PI6033 hardware consisted of 350 ohm resistors, one of 
two standard sizes, which did not match the high-elongation strain gauges which were 120 ohm 
resistors. Therefore the PI6033 hardware was employed in a half-bridge setup, and 120 ohm 
completion resistors were soldered into the interface system, resulting in a balanced Wheatstone 
bridge. Figure 3.33 shows the wiring schematic for the setup. 
 
Figure 3.33: Strain Gauge Wheatstone Bridge Schematic 
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The Pacific Instruments acquisition hardware was controlled by the Pacific Instruments PI6660-
6000 software package. This software provided live engineering unit data throughout each test for any 
sensor of interest, including load-displacement plotting. The software also accepted analog voltage 
outputs from the MTS Test Star II load controller unit which allowed for the inclusion of actuator 
load and displacement data to be gathered in the same fashion as instrumentation sensors. Data for 
all specimens was collected at a rate of 12.5 Hz (samples per second). 
3.7. Experimental Program Summary 
This chapter presented a summary of the experimental program developed in conjunction with 
the presented research. The experimental program included a suite of nineteen rectangular reinforced 
concrete prism test specimens, designed to simulate boundary elements in special reinforced concrete 
structural walls. Test specimen designs encompassed a wide range of possible reinforcement variations 
and levels of confinement permitted within the ACI 318-14 [1] requirements for special structural 
walls, specifically ordinary and special boundary elements. 
The prism specimens were tested in the MTS 1,000 kip Test Frame located at the CERL facility 
in Champaign, Illinois. Specimens were either tested in monotonic compression, or cyclic compression 
and tension, with one specimen loaded to a high tensile strain prior to cyclic loading. The 
instrumentation plan consisted of contact and noncontact instrumentation, and provided behavioral 
data throughout specimen testing through the use of string potentiometers, expansive gauges, strain 
gauges on the reinforcement, and photogrammetry. 
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Chapter 4: Summary of Experimental Results 
This chapter is a summary of the experimental results of nineteen reinforced concrete prism tests 
conducted at the United States Army Corps of Engineers (USACE) Engineering Research and 
Development Center (ERDC) Construction Engineering Research Laboratory (CERL) facility in 
Champaign, Illinois. The purpose of this chapter is to present data collected throughout the 
experiments. In turn, those results were used to develop trends in the experimental data, which is 
presented in Chapter 5. The following information is provided for each prism specimen: (i) general 
design and testing information, (ii) load-deformation results, iii) observed and measured damage 
progression,  (iv) out-of-plane deformation behavior, and (v) strain gauge measurements. 
All specimens measured 8 in. (203 mm) thick by 15 in. (381 mm) wide and 40 in. (1,016 mm) in 
height. In general, the test specimens were designed within the following detailing classes: 
1. “OBE” – Ordinary Boundary Element: Meets the minimum requirements for special 
reinforced concrete structural walls as prescribed in ACI 318-14 [1]. 
2. “SBE” – Special Boundary Element:  Meets the minimum requirements for special boundary 
elements within special reinforced concrete structural walls as prescribed in ACI 318-14 [1]. 
3. “xSBE” – Enhanced Special Boundary Element:  Meets the minimum requirements for special 
boundary elements within special reinforced concrete structural walls as prescribed in ACI 
318-14 [1], and every longitudinal bar is restrained. 
Section 4.1 is a summary of the data reduction methods employed to produce the presented data; 
the following sections in this chapter present the experimental results from each individual test 
specimen. Lastly, Section 4.21 is a summary of the observed trends in the experimental data that are 
not specifically discussed in detail in Chapter 5.  
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4.1. Experimental Data Reduction Methodology 
Data reduction methods are summarized below, including adjustments to load-deformation 
response, definitions of various observed damage states, calculation of out-of-plane deformation, and 
processing of strain gauge measurements. Note that an addition (twentieth) specimen (CS3) was 
tested, however the test data was invalid due to a number of testing complications, therefore this test 
was omitted from this report. 
4.1.1. Load-Deformation 
The load for each specimen was acquired using the MTS Test Star II test frame control system, 
while the displacement was measured using string potentiometers on both sides of the specimen 
between the loading plates; see Figure 3.25 for the string potentiometer layout. String potentiometer 
displacements on each side were compared to results from the photogrammetry targets located on the 
loading plates (when available) to validate the potentiometer which provides the most accurate results. 
Where both potentiometers appeared to be accurate, the average of the two potentiometers was used. 
Refer to Appendix C for potentiometer selection for each specimen. 
The load-deformation response reported in this chapter is based on the normalized axial 
displacement, which is the axial displacement divided by the length over which the displacement is 
measured (between the loading plates). The force behavior in each plot represents the full response 
(including the longitudinal reinforcement) of the specimen in compression and tension throughout 
testing.  Major damage states are also denoted on the load-deformation plot for each specimen. 
Many specimens exhibited early-stage soft stiffness in the compression response within the first 
0.05 in. (1.27 mm), which was attributed to load leveling. The load-deformation results of these 
specimens were zeroed to eliminate the erroneous data and provide an initial slope consistent with the 
measured elastic response.  Figure 4.1 shows an example of this process for specimen CS9. Refer to 
Appendix C for the data adjustment made to each specimen. 
127 
 
  
(a) (b) 
Figure 4.1. (a) Example Load-Deformation Data Adjustment and (b) Final Load-Deformation Data 
4.1.2. Observed and Measured Damage Progression 
Major damage states were determined visually for each specimen during each test. Although this 
method was somewhat subjective, it was consistent for each specimen.  The major damage states were 
determined using the following criteria. 
1. Spalling: A spalled region was considered to be a de-bonded piece of cover concrete of at 
least 15 sq. in. (9,677 sq. mm) in size, on any face of the specimen. A spall was defined as measuring 
at least 0.5 in. (12.7 mm) in thickness, nearly the cover thickness, or else it is considered scaling. 
2. Core Crushing: Core crushing was defined to occur when concrete dust and loose aggregate 
began to fall out of a damaged region from within the core. This failure is also associated with a 
visible reduction in core cross-sectional size due to loss of material. 
3. Longitudinal Bar Buckling: Buckling was the first observable instance of either longitudinal 
bar buckling or sectional buckling. It is noted that buckling actually occurs before it is visually 
observable, but buckling was not explicitly measured in these experiments. 
4. Crosstie Failure: Crosstie failure was defined to occur when either the 90o or 135o bend of 
a crosstie is observably bent out of the cross section. 
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4.1.3. Supplemental In-Plane Deformation & Strain Distribution 
Axial strain distribution was measured using photogrammetric targets affixed to the surface of the 
specimens in a layout with 4 in. (102 mm) grid spacing. As the targets were not embedded beyond the 
cover thickness, these surface targets could only provide reliable data up to when spalling occurred. 
Therefore, on specimens CS10 through CS20, a coarser mesh of the targets was affixed to protruding, 
cast-in, high-strength steel threaded rods. This method then provided deformation data throughout 
the majority of each test, however at a lower resolution than the surface targets. For consistency, strain 
distribution is reported as positive compression (as is standard throughout this report), as a percent. 
Refer to Chapter 3 for detailed information on photogrammetric target placement; refer to Appendix 
A for a detailed description of photogrammetry. 
The strain distribution is also estimated using the string potentiometers that were installed on the 
back of the specimens (see Section 3.6.1). This information is used in Section 6.3.2 to support the 
assertion that the majority of the strain occurs in the damage region of the specimen. In fact, up to 
the buckling damage state, the displacement measured in the damage region (typically the top third of 
the specimen) was approximately equivalent to that measured over the entire height of the specimen. 
After this point, the data from these instruments becomes unreliable, as the embedded rod begins to 
fall out of the core due to crushing. Comparisons of the displacement in the damage region to the 
displacement measured over the height of the specimen are shown in Appendix E. 
4.1.4. Out-of-Plane Deformation 
Out-of-plane deformation was also measured using photogrammetry, however targets were not 
used.  An orthogonal grid was drawn on the side of each specimen, and a single camera was fixed to 
view the grid throughout each test; the camera was positioned (as closely as possible) perpendicular 
to the out-of-plane deformation plane.  This single stationary camera provided accurate two-
dimensional displacement tracking of the grid points, the data from which was used to develop the 
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out-of-plane deformation progression for each specimen. Refer to Chapter 3 for an example grid 
layout. The measured out-of-plane deformations are normalized by the specimen height and plotted 
along the height for each specimen. The results are presented for each of the main damage states, as 
well as intermediate levels of normalized axial displacement (darker lines refer to larger normalized 
axial displacement cycles). Note that this system was implemented starting with specimen CS4, and 
therefore data is not available for specimens CS1 and CS2. 
4.1.5. Strain Gauge Measurements 
Strain gauges were installed on longitudinal and transverse reinforcement at the top, middle, and 
bottom of each specimen. The expansive strain, parallel to the thickness, was measured at the top and 
bottom of each specimen. Details on strain gauge placement and implementation can be found in 
Chapter 3. 
The strain gauges were typically only reliable until just beyond the spalling damage state. They 
were rated for high-strain applications, however in this application it was difficult to adequately protect 
the gauges from mechanical damage due to bond. For this reason, strain gauge measurement data is 
shown at the spalling damage state only, where gauge failures were fairly limited. The peak load 
(“capacity”) of the specimens typically occurred near the spalling stage, and therefore the strain gauge 
data at this state is of most importance anyway. 
The following sections describe the methods used to determine and report the strain 
measurements in both the longitudinal and transverse steel. 
4.1.5.1. Longitudinal Reinforcing Steel Strain Measurements 
For specimens CS1 through CS9, longitudinal reinforcing steel strain is reported at spalling, as 
available, at mid-height of the specimen. Although the in-plane photogrammetry provides a 
supplemental means with which to calculate the average strain, as previously mentioned this system 
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was only reliable for specimens CS1 through CS9 until the onset of spalling (resulting in target 
detachment), and its margin of error was on the same order of magnitude of the yield strain. To ensure 
consistency across the experimental program, the strain in the longitudinal reinforcement is therefore 
calculated using the strain gauge results.  
For specimens CS10 through CS20, longitudinal reinforcing steel strain is reported at spalling, as 
available, on two individual bars, at each of the top, middle and bottom of the specimen. This 
enhanced set of data provides insight into both the strain distribution in the longitudinal steel along 
the height of the specimen, and if the loading was uniform across the cross-section of the specimen. 
The longitudinal reinforcing steel strain in specimens CS1 through CS9 is simply noted in this chapter, 
while strains from specimens CS10 through CS20 are presented in tabular format for comparison 
between different curtains of reinforcement, and along the height of the specimen. 
4.1.5.2. Transverse Strain Measurements for Expansive Pressure Determination 
The expansive strain, as calculated using the transverse strain gauge results, is reported at spalling, 
as available. The expansive pressure is defined and calculated by Equation 4.1. The expansive pressure, 
σE,x is reported in the direction “x”, which corresponds to either the major axis (along the length of 
the long dimension) or the minor axis (along the length of the short dimension), as noted in the results. 
Note this expression is valid only for strains less than the measured yield strain. 
 σE,x=
nl,xεsh,xEshAsh,x
sbc,x
 Equation 4.1  
 
Where, 
nl,x is the number of transverse reinforcement legs in the direction “x”, 
εsh,x is the measured strain in the direction “x”, 
Esh is the measured modulus of elasticity of the transverse steel, 
Ash,x is the area of transverse steel in the direction “x”, 
s is the transverse steel spacing, and 
bc,x is the length or thickness of the specimen. 
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The expansive pressure, as calculated by Equation 4.1, describes the effectiveness of the transverse 
reinforcement because it is directly related to the passive confining pressure. In an adequately confined 
section, it is desirable to have similar passive confining pressure in all directions; this is one reason 
circular sections with spiral reinforcement typically exhibit higher compressive deformability. The 
rectangular nature of the specimens in this experimental program requires investigation of 
confinement along both the major and minor axes. 
The same method is applied to the expansion gauge data (see Section 3.6.1). The expansive 
pressure measured using these instruments (which is measuring the strain in the thickness direction) 
is reported alongside the expansive pressure along the major axis for comparison, as determined from 
the single leg strain gauge data. 
4.2. Specimen CS1 
Specimen CS1 was detailed using the SBE detail classification with overlapping rectilinear closed 
hoops at 2-1/2 in. (64 mm) centers. A cross-section as-built drawing of specimen CS1 is shown in 
Figure 4.2. Specimen CS1 was tested using a reversed-cyclic loading protocol. It is important to note 
that the steel block spacers were not employed for specimen CS1; see Section 3.5.1 for more 
information on the steel block spacers. This reduced the mechanical (i.e., not through bond) loading 
of the longitudinal reinforcement, however this is resolved in Chapter 5 where the contribution of the 
longitudinal reinforcement is removed from all specimens for comparison. 
The loading rate for this test was 0.05 in./min. through the first eight (8) cycles, after which it was 
increased to 0.25 in./min. This loading rate was based on the minimum recommended loading rate 
for compressive tests of concrete cylinders [40], and resulted in relatively lengthy tests. Following this 
test, the loading rate was increased to 0.10 in./min. through the load step corresponding to 0.3% 
normalized axial displacement (per the MTS actuator LVDT), 0.25 in./min. through the load step 
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corresponding to 1.5% normalized axial displacement, and thereafter 0.50 in./min. No significant 
effects were observed with this increase in strain rate, unsurprisingly as the maximum corresponding 
average strain per second was approximately 0.0002; as such strain rate effects were not expected per 
Mander et al. [20]. 
 
Figure 4.2: Specimen CS1 Cross-Section As-Built 
4.2.1. Load-Deformation 
The load-deformation response of specimen CS1 is shown in Figure 4.3. Specimen CS1 was loaded 
cyclically to a normalized axial displacement ratio of 3.00%. Significant strength loss occurred during 
the second cycle to 3.00%, at which point testing concluded. Table 4.1 presents the displacement 
loading history for specimen CS1. The maximum compression (“compressive capacity”) of 540 kip 
occurred at the first cycle to 0.33% normalized axial displacement. The predicted design compressive 
capacity (0.85*fc’*Aconc + fy*As) was 700 kip, however considering the measured strain in the longitudinal 
steel (reported later in this section), the expected peak load was 534 kip. 
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Table 4.1: Displacement Loading History for Specimen CS1 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.03 (0.8) 0.08% 3-4 0.05 (1.3) 
0.07 (1.8) 0.18% 5-6 0.05 (1.3) 
0.13 (3.3) 0.33% 7-8 0.05 (1.3) 
0.41 (10.4) 1.03% 8-9 0.25 (6.4) 
0.71 (18.0) 1.78% 10-11 0.25 (6.4) 
1.20 (30.5) 3.00% 12-13 0.25 (6.4) 
 
 
Figure 4.3: Specimen CS1 Load-Deformation Response 
The tensile capacity of specimen CS1 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of the concrete in tension. The crack spacing 
was approximately 2.5 in. (63.5 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width was approximately 0.10 in. (2.5 mm), which 
occurred at about 2.00% normalized axial displacement in tension. 
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4.2.2. Damage Progression 
This section presents observed and measured damage states for specimen CS1, as denoted in Table 
4.2. Further photos showing the damage progression for specimen CS1 can be found in Appendix B. 
Extensive damage following crushing resulted in erroneous photogrammetry data, and therefore strain 
distributions are only shown at the spalling and crushing damage states. Note that normalized axial 
displacement at tensile yielding of reinforcement was sizably more than what would be expected per 
the measured yield strain (~0.3%) of the longitudinal reinforcement. This result was common to all 
specimens, and was likely due to slight slippage of the rebar couplers; the normalized axial 
displacement was measured between the loading plates, and therefore included any slippage in the 
rebar couplers. 
Table 4.2: Major Damage States for Specimen CS1 
Norm. Axial 
Disp. 
Damage 
0.33% Spalling at top with continued vertical cracking 
-0.45% Tensile yielding of longitudinal reinforcement 
1.03% Core crushing at top of specimen 
2.36% Bar buckling near top of specimen on corner bars 
 
The onset of spalling occurred relatively uniformly near the top of the specimen at approximately 
0.33% normalized axial displacement in compression, as noted on Figure 4.3. The spalling appears to 
be the result of propagating vertical cracks near the top of the specimen. It should be noted that 
mostly-detached spalls were not manually removed in the early tests, however in later tests these spalls 
were removed for clarity of observation. In both cases, it is assumed that the spalled regions did not 
contribute to the strength of the specimen. The majority of the compressive strain was located near 
the top right of the specimen, with a peak of about 0.3%. Note also that a residual tensile strain was 
measured at the bottom of the specimen of up to 0.3%. Figure 4.4(a) shows the observed spalling 
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damage at the top of the specimen, and Figure 4.5(a) shows the compressive strain over the height of 
the specimen at spalling as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 1.0% normalized axial displacement in compression, at 
about 4 in. (102 mm) below the top of the specimen, as noted on Figure 4.3. Core crushing occurred 
without any additional significant spalling. The compressive strain at crushing was again focused in 
the upper right of the specimen, with a peak of about 0.6%. A residual 0.3% tensile strain was 
measured near the bottom of the specimen. Note that the distribution appears slightly different than 
that shown by the damage progression, which may be due to inaccuracies in the photogrammetric 
system (discussed in Appendix A). Figure 4.4(b) shows the observed core crushing damage at the top 
of the specimen, and Figure 4.5(b) shows the compressive strain over the height of the specimen at 
core crushing as measured by the surface target photogrammetry. 
Specimen CS1 experienced bar buckling of the corner bars on the rear face at approximately 2.36% 
normalized axial displacement in compression where core crushing occurred, as noted in Figure 4.3. 
This failure may be attributed to the bar’s corner location, as corners have significantly less 
surrounding concrete. As bar buckling occurred, the specimen immediately began to lose strength. 
Figure 4.4(c) shows the specimen at the bar buckling damage state, and Figure 4.6 shows the observed 
buckling damage. 
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(Δ/hw = 0.33%) 
 
(Δ/hw = 1.03%) 
 
(Δ/hw = 2.36%) 
(a) (b) (c) 
Figure 4.4: Specimen CS1 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Bar Buckling 
 
(Δ/hw = 0.33%) 
 
(Δ/hw = 1.03%) 
(a) (b) 
Figure 4.5: Specimen CS1 Measured Compression Strain: (a) Spalling, and (b) Core Crushing (%) 
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Figure 4.6. Close up of Bar Buckling Damage in Specimen CS1 (Δ/hw = 2.36%) 
4.2.3. Strain Gauge Measurements 
The longitudinal reinforcing steel strain was measured in specimen CS1 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel was 
approximately 0.18%, nearly two-thirds that of the reinforcement yield strain. Although the strain 
gauge failed as the specimen reached its peak, it is not likely that the stress increased substantially in 
the longitudinal steel following this point. 
Figure 4.7 shows the expansive pressure in specimen CS1, measured both in the major and minor 
axes at the top, middle, and bottom of the specimen. Note that the bottom major axis strain gauge 
failed prior to testing, and therefore data is not available. The measured expansive pressure at the top 
of the specimen was similar in both axes, indicating that the passive confinement was similar in both 
directions. The expansive pressure at the mid-height of the specimen was more than double along the 
major axis as along the minor axis, although both values are quite low, indicating a trivial demand. The 
expansive pressure along the minor axis at the bottom of the specimen was about two-thirds that of 
the minor axis at the top of the specimen, indicating more significant demands at the top of the 
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specimen. The expansive pressure corresponded well with the observed damage over the height of 
the specimen, as discussed previously in this section.  
 
Figure 4.7: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.32%) of Specimen CS1 (psi) 
4.3. Specimen CS2 
Specimen CS2 was detailed using the SBE detail classification with overlapping rectilinear closed 
hoops at 2-1/2 in. (64 mm) centers. A cross-section as-built drawing of specimen CS2 is shown in 
Figure 4.8. Specimen CS2 was tested using a reversed-cyclic loading protocol, which followed an initial 
tensile excursion to approximately 5.0% normalized axial displacement (per the MTS actuator LVDT). 
It is important to note that the steel block spacers were not employed for specimen CS2; reference 
Section 3.5.1 for more information on the steel block spacers. This reduced the mechanical (i.e., not 
through bond) loading of the longitudinal reinforcement, however this is resolved in Chapter 5 where 
the contribution of the longitudinal reinforcement is removed from all specimens for comparison. 
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Figure 4.8: Specimen CS2 Cross-Section As-Built 
4.3.1. Load-Deformation 
The load-deformation response of specimen CS2 is shown in Figure 4.9; the displacement history 
is shown in Table 4.3. At approximately 4.20% normalized axial displacement in tension, during the 
initial tensile excursion, the rebar couplers began to slip and the tensile load began to decrease. At 
approximately 4.33% normalized axial displacement in tension, loading was halted to prevent a tension 
failure, and the standard cyclic loading protocol commenced. Specimen CS2 was then loaded cyclically 
to a normalized axial displacement of 2.53%. Residual compressive strength remained at this point, 
and therefore the specimen was loaded monotonically to failure. The maximum compression 
(“compressive capacity”) of 444 kip occurred at approximately 0.73% normalized axial displacement. 
The predicted design compressive capacity (0.85*fc’*Aconc + fy*As) was 725 kip. 
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Table 4.3: Displacement Loading History for Specimen CS2 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
-1.73 (-43.9) -4.33% 1 0.25 (6.4) 
0.02 (0.5) 0.05% 2-3 0.10 (2.5) 
0.05 (1.3) 0.13% 4-5 0.10 (2.5) 
0.16 (4.1) .040% 6-7 0.25 (6.4) 
0.30 (7.6) 0.75% 8-9 0.25 (6.4) 
0.59 (15.0) 1.48% 10-11 0.25 (6.4) 
1.01 (25.7) 2.53% 12-13 0.50 (12.7) 
1.68 (42.7) 4.20% 14 0.50 (12.7) 
 
 
Figure 4.9: Specimen CS2 Load-Deformation Response 
The tensile response of specimen CS2 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 2.5 in. (63.5 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width is approximately 0.125 in. (3.2 mm), which 
occurred at approximately 4.33% normalized axial displacement in tension. The cracks at mid-height 
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of the specimen did not close completely, nor uniformly, upon return to the neutral displacement 
position.  Figure 4.10(b) shows the non-uniform crack closure in specimen CS2 at mid-height at zero 
normalized axial displacement. 
 
(Δ/hw = -4.00%) 
 
(Δ/hw = 0.00%) 
(a) (b) 
Figure 4.10: Specimen CS2 Pre-strain Damage Progression: (a) Maximum Strain and (b) Return to Zero Displacement 
4.3.2. Damage Progression 
This section presents observed and measured damage states for specimen CS2, as denoted in Table 
4.4. Further photos showing the damage progression for specimen CS2 can be found in Appendix B. 
Significant spalling prevented accurate measurement of the strain distribution using the 
photogrammetry system following the spalling damage state. 
Table 4.4: Major Damage States for Specimen CS2 
Norm. Axial 
Disp. 
Damage 
-0.35% Tensile yielding of the longitudinal reinforcement 
-4.00% Reinforcement coupler failure 
0.40% Spalling at top with continued vertical cracking 
1.16% Core crushing at top of specimen 
2.52% Sectional buckling near top of specimen 
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The onset of spalling occurred relatively uniformly near the top of the specimen at approximately 
0.40% normalized axial displacement in compression, as noted on Figure 4.9. The spalling appeared 
to be the result of propagating vertical cracks near the top of the specimen. Note that mostly detached 
spalls were not manually removed in early tests, however in later tests these spalls were removed for 
clarity of observation. In both cases, the spalled region did not contribute to the strength of the 
specimen. The compressive strain at spalling was focused near the top right of the specimen, with a 
peak of above 1.5%. Figure 4.11(a) shows the observed spalling damage at the top of the specimen, 
and Figure 4.12(a) shows the compressive strain over the height of the specimen at spalling as 
measured by the surface target photogrammetry. 
Core crushing occurred at approximately 1.16% normalized axial displacement in compression at 
approximately 4 in. (102 mm) below the top of the specimen, as noted on Figure 4.9. Figure 4.11(b) 
shows the observed core crushing damage at the top of the specimen. 
Specimen CS2 experienced observable sectional buckling at approximately 2.52% normalized axial 
displacement in compression in the same regions as the core crushing, as noted in Figure 4.9. Figure 
4.11(c) shows the specimen damage corresponding to the overall buckling damage state. Figure 4.13 
shows the buckled shape. 
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(Δ/hw = 0.40%) 
 
(Δ/hw = 1.16%) 
 
(Δ/hw = 2.52%) 
(a) (b) (c) 
Figure 4.11: Specimen CS2 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.40%) 
(a) 
Figure 4.12: Specimen CS2 Measured Compression Strain at Spalling (%) 
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Figure 4.13. Out-of-Plane Movement of Specimen CS2 (Δ/hw = 2.52%) 
4.3.3. Strain Gauge Measurements 
The longitudinal reinforcing steel strain was measured in specimen CS2 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel was 
approximately 0.30%, which was just above the yield strain. The strain gauge failed to read above this 
point and therefore post-yield data is not available. Although the strain gauge failed as the specimen 
reached its peak, it is not likely that the stress increased substantially in the longitudinal steel following 
this point. 
Nearly all of the transverse strain gauges failed during the casting process; only the major axis 
strain gauge at mid-height functioned properly prior to testing. Figure 4.14 shows the expansive 
pressure at this location in specimen CS2. Note that this expansive pressure was significantly higher 
than that of specimen CS1 in the same location. 
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Figure 4.14: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.39%) of Specimen CS2 (psi) 
4.4. Specimen CS4 
Specimen CS4 was detailed using the SBE detail classification with overlapping rectilinear closed 
hoops at 2-1/2 in. (64 mm) centers. A cross-section as-built drawing of specimen CS4 is shown in 
Figure 4.15. Specimen CS4 was tested using a reversed-cyclic loading protocol. 
 
Figure 4.15: Specimen CS4 Cross-Section As-Built 
4.4.1. Load-Deformation 
The load-deformation response of specimen CS4 is shown in Figure 4.16; the displacement history 
is shown in Table 4.5. Specimen CS4 was loaded cyclically to a normalized axial displacement ratio of 
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2.88%. Significant strength loss occurred during the second cycle to 2.88%, at which point testing 
concluded. The maximum compression (“compressive capacity”) of 563 kip occurred at the first cycle 
to 0.43% normalized axial displacement. The predicted design compressive capacity (0.85*fc’*Aconc + 
fy*As) was 725 kip. 
Table 4.5: Displacement Loading History for Specimen CS4 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.02 (0.5) 0.05% 1-2 0.10 (2.5) 
0.06 (1.5) 0.15% 3-4 0.10 (2.5) 
0.17 (4.3) 0.43% 4-5 0.25 (6.4) 
0.40 (10.2) 1.00% 6-7 0.25 (6.4) 
0.66 (16.8) 1.65% 8-9 0.50 (12.7) 
1.15 (29.2) 2.88% 10-11 0.50 (12.7) 
 
Figure 4.16: Specimen CS4 Load-Deformation Response 
The tensile capacity of specimen CS4 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 2.5 in. (63.5 mm) along the height of the specimen, concurrent with the transverse 
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reinforcement spacing. The maximum crack width was approximately 0.075 in. (1.9 mm), which 
occurred at about 2.10% normalized axial displacement in tension. 
4.4.2. Damage Progression 
This section presents observed and measured damage states for specimen CS4, as denoted in Table 
4.6. Further photos showing the damage progression for specimen CS4 can be found in Appendix B. 
Significant spalling prevented accurate measurement of the strain distribution using the 
photogrammetry system following the spalling damage state. 
Table 4.6: Major Damage States for Specimen CS4 
Norm. Axial 
Disp. 
Damage 
0.44% Spalling at top with continued vertical cracking 
-0.38% Tensile yielding of longitudinal reinforcement 
1.01% Core crushing at top of specimen 
2.28% Minor sectional buckling near top of specimen 
 
The onset of spalling occurred relatively uniformly near the top of the specimen as approximately 
0.44% normalized axial displacement in compression, as noted on Figure 4.16. The spalling appears 
to be the result of propagating vertical cracks near the top of the specimen. Note that mostly detached 
spalls were not manually removed in early tests, however in later tests these spalls were removed for 
clarity of observation. In both cases, the spalled region did not contribute to the strength of the 
specimen. 
The compressive strain was concentrated near the bottom of the specimen at spalling, with a peak 
of about 0.8%. This measurement was not consistent with the observed damage, which occurred near 
the top of the specimen. This may, again, be due to the limited accuracy of the photogrammetry system 
at small strains; strain concentrations may have been more accurately presented later in the test (e.g., 
at crushing and buckling where strains were higher). Figure 4.17(a) shows the observed spalling 
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damage at the top of the specimen and Figure 4.18(a) shows the compressive strain over the height 
of the specimen at spalling as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 1.01% normalized axial displacement in compression at 
approximately 6 in. (102 mm) below the top of the specimen, as noted on Figure 4.16. Core crushing 
occurred without any additional significant spalling along the length of the specimen (after the noted 
spalling damage state). Figure 4.17(b) shows the observed core crushing damage at the top of the 
specimen. 
Specimen CS4 experienced minor observable sectional buckling at approximately 2.28% 
normalized axial displacement in compression where core crushing occurred, as noted in Figure 4.16. 
Figure 4.17(c) shows specimen following the sectional buckling damage state. 
 
(Δ/hw = 0.44%) 
 
(Δ/hw = 1.01%) 
 
(Δ/hw = 2.28%) 
(a) (b) (c) 
Figure 4.17: Specimen CS4 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
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(Δ/hw = 0.44%) 
(a) 
Figure 4.18: Specimen CS4 Measured Compression Strain at Spalling (%) 
4.4.3. Out-of-Plane Deformation 
Specimen CS4 experienced minor observable buckling at approximately 2.28% normalized axial 
compression. The recorded out-of-plane deformation at this point was approximately 0.25%, which 
was not a significant change as compared with the out-of-plane deformation at the crushing damage 
state. The out-of-plane deformation at spalling was negligible based on the margin of error of the 
instrumentation. Figure 4.19 shows the out-of-plane deformation of specimen CS4. As shown, the 
maximum out-of-plane deformations at crushing and buckling were similar to those of early loading 
cycles, which indicates little to no significant out-of-plane behavior. 
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Figure 4.19: Out-of-Plane Deformation Progression in Specimen CS4 
4.4.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain gauge installed on specimen CS4 failed during casting, and 
therefore no data is available on the behavior of the longitudinal steel. For this reason, specimen CS4 
was omitted from the experimental results analysis presented in Chapter 5. Specimens CS1 and CS4 
are identical in design and loading protocol, therefore specimen CS4 is not necessary for the 
experimental results analysis in Chapter 5. 
Figure 4.20 shows the expansive pressure in specimen CS4, measured both in the major and minor 
axes at the top, middle, and bottom of the specimen. Note that the minor axis strain gauges at the top 
and bottom of the specimen failed prior to testing, and therefore data is not available. The major axis 
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expansive pressure at the top of the specimen was more than double that at the bottom of the 
specimen. The expansive pressure along both axes at mid-height of the specimen was small, indicating 
little demand at that location.  
The expansive pressure, as measured by the expansion gauges, was similar to (although slightly 
less than) the expansive pressure as measured by the strain gauges. This was likely a function of the 
assumption that the strain in each transverse reinforcement leg (of a given set of hoops/ties) was equal 
to that of the leg where the strain was measured. 
 
Figure 4.20: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.42%) of Specimen CS4 (psi) 
4.5. Specimen CS5 
Specimen CS5 was detailed using the SBE detail classification with overlapping rectilinear closed 
hoops at 2-1/2 in. (64 mm) centers. A cross-section as-built drawing of specimen CS5 is shown in 
Figure 4.21. Specimen CS5 was tested using a monotonic loading protocol. 
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Figure 4.21: Specimen CS5 Cross-Section As-Built 
4.5.1. Load-Deformation 
The load-deformation response of specimen CS5 is shown in Figure 4.22; the displacement history 
is shown in Table 4.7. 
Specimen CS5 was loaded monotonically to a normalized displacement ratio of 2.80%. Note that 
data acquisition pauses (as described in Chapter 3) are made at normalized axial displacement (as 
applied by the MTS actuator) intervals of 0.10% up to 1.00%, and 0.25% intervals thereafter; Table 
4.7 is a representative set of loading steps as measured by instrumentation, and for efficiency and 
clarity does not include every pause. The dips in load throughout the response are concurrent with 
the loading pauses; as shown, as soon as loading resumes the load returns to its previous position prior 
to the pause. The maximum compression (“compressive capacity”) of 634 kip occurred at the first 
cycle to 1.58% normalized axial displacement. The predicted design compressive capacity (0.85*fc’*Aconc 
+ fy*As) was 724 kip. 
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Table 4.7: Displacement Loading History for Specimen CS5 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.07 (1.7) 0.18% 0.15 (3.8) 
0.10 (2.5) 0.25% 0.15 (3.8) 
0.29 (7.4) 0.73% 0.15 (3.8) 
0.41 (10.4) 1.03% 0.15 (3.8) 
0.59 (15.0) 1.48% 0.15 (3.8) 
0.76 (19.3) 1.90% 0.15 (3.8) 
0.96 (24.4) 2.40% 0.15 (3.8) 
1.12 (28.5) 2.80% 0.15 (3.8) 
 
 
Figure 4.22: Specimen CS5 Load-Deformation Response 
4.5.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS5, as 
denoted in Table 4.8. Further photos showing the damage progression for specimen CS5 can be found 
in Appendix B. Significant spalling prevented accurate measurement of the strain distribution using 
the photogrammetry system following the spalling damage state. 
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Table 4.8: Major Damage States for Specimen CS5 
Norm. Axial 
Disp. 
Damage 
0.34% Spalling at top with continued vertical cracking 
1.07% Core crushing at top of specimen 
2.00% Sectional buckling near top of specimen 
 
The onset of spalling is focused on the left side of the specimen (as observed from behind), which 
occurred at approximately 0.34% normalized axial displacement, as noted in Figure 4.22. The spalling 
appears to be the result of propagating vertical cracks near the top of the specimen. Note that mostly 
detached spalls were not manually removed in early tests, however in later tests these spalls were 
removed for clarity of observation. Regardless, these spalls did not contribute to the compressive 
strength of the specimen. 
The strain distribution was relatively uniform over the height of the specimen at spalling, at an 
average of about 0.2%. However, residual tensile strain was reported at the top right of the specimen 
of about 0.3%, indicative of slight out-of-plane deformation. Figure 4.23(a) shows the observed 
spalling damage at the top of the specimen, and Figure 4.24(a) shows the compressive strain over the 
height of the specimen at spalling as measured by the surface target photogrammetry. 
Core crushing occurred approximately 4 in. (102 mm) below the top of the specimen at 
approximately 1.07% normalized axis displacement. Core crushing occurred uniformly over the span 
of the cross-section. Figure 4.23(b) shows the observed core crushing damage at the top of the 
specimen. 
Significant observable sectional buckling occurred near the top of specimen CS5 at approximately 
2.00% normalized axial displacement, as noted in Figure 4.22. Figure 4.23(c) shows the specimen 
following the buckling damage state. 
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(Δ/hw = 0.34%) 
 
(Δ/hw = 1.07%) 
 
(Δ/hw = 2.00%) 
(a) (b) (c) 
Figure 4.23: Specimen CS5 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.34%) 
(a) 
Figure 4.24: Specimen CS5 Measured Compression Strain at Spalling (%) 
4.5.3. Out-of-Plane Deformation 
Specimen CS5 experienced observable buckling at approximately 2.00% normalized axial 
displacement in compression. The out-of-plane deformation progression was nearly uniform 
throughout the span of the test, as shown in Figure 4.25.  The magnitude of out-of-plane deformation, 
as normalized by the specimen height, is 0.60%, 1.25%, and 2.20% at the spalling, core crushing, and 
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observed buckling damage states, respectively. The uniformity of this deformation indicates gradual 
out-of-plane behavior, as opposed to a brittle buckling mode. 
 
Figure 4.25: Out-of-Plane Deformation Progression in Specimen CS5 
4.5.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain is measured in specimen CS5 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel was 
approximately 0.20%, which is two-thirds the reinforcement yield strain. Although the strain gauge 
failed as the specimen reached its peak, it is not likely that the stress increased substantially in the 
longitudinal steel following this point. 
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Figure 4.26 shows the expansive pressure for specimen CS5, measured along the major and minor 
axes at the top, middle, and bottom of the specimen. Note that the minor axis strain gauge at mid-
height of the specimen failed prior to testing, and therefore data at this point is not available. The 
expansive pressure at the top of the specimen was similar along both axes, which indicates similar 
passive confinement in the damage zone. The opposite was observed at the bottom of the specimen, 
where the minor axis expansive pressure was more than double that of the major axis, indicating a 
higher level of passive confining action along the minor axis. The pressures in either direction at the 
bottom of the specimen (and also at mid-height) were small relative to the top of the specimen, 
consistent with the observed damage.  
The expansive pressure, as measured by the expansion gauges, was similar to (although slightly 
less at the top than) the expansive pressure as measured by the strain gauges. This was likely a function 
of the assumption that the strain in each transverse reinforcement leg (of a given set of hoops/ties) 
was equal to that of the leg where the strain was measured. 
 
Figure 4.26: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.34%) of Specimen CS5 (psi) 
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4.6. Specimen CS6 
Specimen CS6 was detailed using the xSBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS6 is shown in Figure 4.27. Specimen CS6 was 
tested using a reversed-cyclic loading protocol. 
 
Figure 4.27: Specimen CS6 Cross-Section As-Built 
4.6.1. Load-Deformation 
The load-deformation response of specimen CS6 is shown in Figure 4.28; the displacement history 
is shown in Table 4.9. Specimen CS6 was loaded cyclically to a normalized axial displacement ratio of 
2.08%. Residual compressive strength remained at this point, and therefore the specimen was loaded 
monotonically to failure.  The maximum compression (“compressive capacity”) of 745 kip occurred 
at the first cycle to 3.02% normalized axial displacement. The predicted design compressive capacity 
(0.85*fc’*Aconc + fy*As) was 736 kip. 
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Table 4.9: Displacement Loading History for Specimen CS6 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.07 (1.8) 0.18% 1-2 0.10 
0.14 (3.6) 0.35% 3-4 0.10 
0.25 (6.4) 0.63% 5-6 0.25 
0.44 (11.2) 1.10% 7-8 0.25 
0.83 (21.1) 2.08% 9-10 0.50 
1.84 (46.7) 4.60% 11 0.50 
 
 
Figure 4.28: Specimen CS6 Load-Deformation Response 
The tensile capacity of specimen CS6 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 2.5 in. (63.5 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width was approximately 0.09 in. (2.4 mm), which 
occurred at about 2.25% normalized axial displacement in tension. 
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4.6.2. Damage Progression 
This section presents observed and measured damage states for specimen CS6, as denoted in Table 
4.10. Further photos showing the damage progression for specimen CS6 can be found in Appendix 
B. Significant spalling prevented accurate measurement of the strain distribution using the 
photogrammetry system following the spalling damage state. 
Table 4.10: Major Damage States for Specimen CS6 
Norm. Axial 
Disp. 
Damage 
0.33% Spalling near mid-height with continued vertical cracking 
-0.35% Tensile yielding of longitudinal reinforcement 
2.08% Core crushing at top of specimen 
3.66% Bar buckling near top of specimen 
 
The onset of spalling occurred near the mid-height of the specimen at approximately 0.33%, 
focused on both ends as noted on Figure 4.28. The spalling continued to propagate along the full 
height of the specimen, nearly uniformly along each end of the specimen.  
The damage profile indicates a more evenly distributed strain distribution throughout the height 
of the specimen as compared with previous tests. The compressive strain was focused near mid-height 
of the specimen at spalling, with a peak of about 0.4%. Note also that residual tensile strains were 
measured at about 0.5% near the bottom of the specimen. Figure 4.29(a) shows the observed spalling 
damage at mid-height of the specimen near the ends, and Figure 4.30(a) shows the compressive strain 
over the height of the specimen at spalling as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 4 in. (102 mm) below the top of the specimen at 
approximately 2.08% normalized axial displacement, as noted on Figure 4.28. Core crushing occurred 
simultaneously with advanced spalling over the height of the specimen. Figure 4.29(b) shows the 
observed core crushing damage at the top of the specimen. 
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Specimen CS6 experienced bar buckling of the corner bars on the front face at approximately 
3.66% normalized axial displacement in compression in the same region as core crushing, as noted on 
Figure 4.28. As bar buckling occurred, the specimen immediately began to lose strength. Figure 4.29(c) 
specimen at the bar buckling damage state, and Figure 4.31 shows the bar buckling damage. 
 
 
(Δ/hw = 0.33%) 
 
(Δ/hw = 2.08%) 
 
(Δ/hw = 3.66%) 
(a) (b) (c) 
Figure 4.29: Specimen CS6 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.33%) 
(a) 
Figure 4.30: Specimen CS6 Measured Compression Strain at Spalling (%) 
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Figure 4.31. Bar Buckling in Specimen CS6 (Δ/hw = 3.66%) 
4.6.3. Out-of-Plane Deformation 
The measured out-of-plane deformation profile for specimen CS6 is shown in Figure 4.32.  The 
maximum out-of-plane deformation, normalized by the height of the specimen, at the spalling and 
core crushing damage states was measured at approximately 0.21%. At the bar buckling stage, the out-
of-plane deformation was measured at approximately 0.56% in the opposite direction. The out-of-
plane deformation at bar buckling is relatively small as compared with sectional buckling failure, as 
discussed for specimen CS7, however it was in the opposite direction of the out-of-plane deformation 
progression throughout the test indicating a significant out-of-plane movement. This is regardless of 
the fact that the damage is more distributed along the height of the specimen, which further superior 
stability of the reinforcement cage. 
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Figure 4.32: Out-of-Plane Deformation Progression in Specimen CS6 
4.6.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain is measured in specimen CS6 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel was 
approximately 0.14%, nearly half the yield strain. Although the strain gauge failed as the specimen 
reached its peak, it is not likely that the stress increased substantially in the longitudinal steel following 
this point. 
Figure 4.33 shows the expansive pressure in specimen CS6, measured in both the major and minor 
axes at the top, middle, and bottom of the specimen. Note that the minor axis strain gauge at the top 
of the specimen failed prior to testing, and therefore data at this location is not available. The major 
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axis expansive pressure was nearly twice that at the bottom of the specimen, consistent with the final 
observed damage zone (near the top of the specimen). The expansive pressure at the bottom and 
middle of the specimen was similar in each axis, indicating similar passive confining action in each 
direction. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
measured value from the strain gauge may have been a maximum. This would result in an 
overestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
 
Figure 4.33: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.34%) of Specimen CS6 (psi) 
4.7. Specimen CS7 
Specimen CS7 was detailed using the xSBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS7 is shown in Figure 4.34. Specimen CS7 was 
tested using a monotonic loading protocol. 
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Figure 4.34: Specimen CS7 Cross-Section As-Built 
4.7.1. Load-Deformation 
The load-deformation response of specimen CS7 is shown in Figure 4.35; the displacement history 
is shown in Table 4.11. Specimen CS7 was loaded monotonically to a normalized displacement ratio 
of 2.66%. Note that data acquisition pauses (as described in Chapter 3) are made at normalized axial 
displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, and 0.25% intervals 
thereafter; Table 4.11 is a representative set of loading steps as measured by instrumentation, and for 
efficiency and clarity does not include every pause. The dips in load throughout the response are 
concurrent with the loading pauses; as shown, as soon as loading resumes the load returns to its 
previous position prior to the pause. The maximum compression (“compressive capacity”) of 749 kip 
occurred at approximately 2.66% normalized axial displacement. The predicted design compressive 
capacity (0.85*fc’*Aconc + fy*As) was 736 kip, however considering the measured strain in the longitudinal 
steel (reported later in this section), the expected peak load was 670 kip. 
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Table 4.11: Displacement Loading History for Specimen CS7 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.07 (1.8) 0.18% 0.15 (3.8) 
0.11 (2.8) 0.28% 0.15 (3.8) 
0.24 (6.1) 0.60% 0.15 (3.8) 
0.37 (9.4) 0.93% 0.15 (3.8) 
0.56 (14.2) 1.40% 0.15 (3.8) 
0.78 (19.8) 1.95% 0.15 (3.8) 
0.92 (23.4) 2.30% 0.15 (3.8) 
1.03 (26.2) 2.58% 0.15 (3.8) 
1.30 (33.0) 3.25% 0.15 (3.8) 
1.70 (43.2) 4.25% 0.15 (3.8) 
1.91 (48.5) 4.78% 0.15 (3.8) 
 
 
 
Figure 4.35: Specimen CS7 Load-Deformation Response 
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4.7.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS7, as 
denoted in Table 4.12. Further photos showing the damage progression for specimen CS7 can be 
found in Appendix B. Significant spalling prevented accurate measurement of the strain distribution 
using the photogrammetry system following the spalling damage state. 
Table 4.12: Major Damage States for Specimen CS7 
Norm. Axial 
Disp. 
Damage 
0.24% Spalling over height of specimen, focused at top 
2.30% Core crushing at top of specimen 
3.25% Bar buckling near top of specimen 
 
The onset of spalling occurred along the right end (as viewed from the rear face) of the specimen 
near the top, at approximately 0.24% normalized axial displacement, as noted in Figure 4.35. The 
spalling appears to be the result of full-height vertical crack propagation. Note that mostly detached 
spalls were not manually removed in early tests, however in later tests these spalls were removed for 
clarity of observation. Regardless, these spalls did not contribute to the compressive strength of the 
specimen. The compression strain at spalling was focused mostly at the top of the specimen, consistent 
with the observed damage. The peak compressive strain was about 0.4%. Figure 4.36(a) shows the 
observed spalling damage near the top of the specimen, and Figure 4.37(a) shows the compressive 
strain over the height of the specimen at spalling as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 2.30% normalized axial displacement at about 4 in. (102 
mm) below the top of the specimen, focused on the right end of the specimen. Although the core 
crushing originated on the right end of the specimen, it became more uniform soon thereafter. Figure 
4.36(b) shows the observed core crushing damage at the top of the specimen. 
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Specimen CS7 experienced bar buckling of the corner bars on either end of the specimen and on 
the first longitudinal bar in from the corner. The bar buckling damage state occurred at approximately 
3.25% normalized axial displacement as noted in Figure 4.35. As bar buckling occurred, the specimen 
immediately began to lose strength. The specimen is shown in Figure 4.36(c) at this damage state, and 
the bar buckling damage is shown in Figure 4.38. 
 
(Δ/hw = 0.24%) 
 
(Δ/hw = 2.30%) 
 
(Δ/hw = 3.25%) 
(a) (b) (c) 
Figure 4.36: Specimen CS7 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.24%) 
(a) 
Figure 4.37: Specimen CS7 Measured Compression Strain at Spalling (%) 
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Figure 4.38. Bar Buckling in Specimen CS7 (Δ/hw = 3.25%) 
4.7.3. Out-of-Plane Deformation 
The out-of-plane deformation of specimen CS7 is shown in Figure 4.39. The out-of-plane 
deformation, normalized by the specimen height, at spalling and core crushing was 0.10% and 0.28%, 
respectively, in the opposite direction. Although the out-of-plane deformation changes direction, the 
values are relatively low at spalling and crushing, and therefore not surprising. At the bar buckling 
damage state, the out-of-plane deformation was approximately 1.43%, much higher than in specimen 
CS6 as the same deformation domain. Note that the out-of-plane deformation up to the crushing 
damage state was not significantly greater than the deformation at smaller load cycles, indicating little 
significant movement. 
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Figure 4.39: Out-of-Plane Deformation Progression in Specimen CS7 
4.7.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain is measured in specimen CS7 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel is 
measured at approximately 0.23%, just over two-thirds the yield strain. Although the strain gauge 
failed as the specimen reached its peak, it is not likely that the stress increased substantially in the 
longitudinal steel following this point. 
Figure 4.40 shows the expansive pressure in specimen CS7, measured in the major and minor axes 
at the top, middle, and bottom of the specimen. The expansive pressure was slightly higher along the 
major axis as compared with the minor axis, both at the top and bottom of the specimen, indicating a 
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similar passive confining action in each direction. The expansive pressure was similar at the top and 
bottom of the specimens in both axes, indicating even distribution of demand. The expansive pressure 
at mid-height of the specimen was much lower than at the top and bottom, indicating a trivial demand.  
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges (similar to specimen CS6). It is 
possible that certain transverse reinforcement legs (within a single set of hoops/ties) experienced 
varied strain, and the measured value from the strain gauge may have been a maximum. This would 
result in an overestimation of the expansive pressure, as the measured strain in the leg with the strain 
gauge was assumed to be constant in each leg. 
 
Figure 4.40: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.28%) of Specimen CS7 (psi) 
4.8. Specimen CS8 
Specimen CS8 was detailed using the OBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS8 is shown in Figure 4.41. Specimen CS8 was 
tested using a reversed-cyclic loading protocol. 
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Figure 4.41: Specimen CS8 Cross-Section As-Built 
4.8.1. Load-Deformation 
The load-deformation response of specimen CS8 is shown in Figure 4.42; the displacement history 
is shown in Table 4.13. Specimen CS8 was then loaded cyclically to a normalized axial displacement 
of 1.85%. Residual compressive strength remained at this point, and therefore the specimen was 
loaded monotonically to failure. The maximum capacity of 480 kip occurred at approximately 0.35% 
normalized axial displacement. The predicted design compressive capacity (0.85*fc’*Aconc + fy*As) was 
736 kip, however considering the measured strain in the longitudinal steel (reported later in this 
section), the expected peak load was 638 kip. 
Table 4.13: Displacement Loading History for Specimen CS8 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.05 (1.3) 0.13% 1-2 0.10 (2.5) 
0.08 (2.0) 0.20% 3-4 0.10 (2.5) 
0.18 (4.6) 0.45% 5-6 0.25 (6.4) 
0.45 (11.4) 1.13% 7-8 0.25 (6.4) 
0.74 (18.8) 1.85% 9-10 0.50 (12.7) 
1.22 (31.0) 3.05% 11 0.50 (12.7) 
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Figure 4.42: Specimen CS8 Load-Deformation Response 
The tensile capacity of specimen CS8 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 5 in. (127 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width was approximately 0.125 in. (3.2 mm), which 
occurred at about 1.35% normalized axial displacement in tension.  
4.8.2. Damage Progression 
This section presents observed and measured damage states for specimen CS8, as denoted in Table 
4.14. Further photos showing the damage progression for specimen CS8 can be found in Appendix 
B. Significant spalling prevented accurate measurement of the strain distribution using the 
photogrammetry system following the spalling damage state. 
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Table 4.14: Major Damage States for Specimen CS8 
Norm. Axial 
Disp. 
Damage 
0.34% Spalling at top with continued vertical cracking 
-0.38% Tensile yielding of longitudinal reinforcement 
0.91% Core crushing at top of specimen 
1.84% Bar buckling near top of specimen 
 
The onset of spalling occurred at the top of specimen relatively uniformly across the cross-section 
at approximately 0.34%, as noted on Figure 4.42. The spalling appears to be the result of propagating 
vertical cracks near the top of the specimen. The compressive strain at spalling was focused near mid-
height of the specimen, with a peak of about 0.3%. A residual tensile strain of about 0.4% was also 
measured at the top of the specimen. Figure 4.43(a) shows the observed spalling damage at the top of 
the specimen, and Figure 4.44(a) shows the compressive strain over the height of the specimen at 
spalling as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 0.91% normalized axial displacement in compression at 
approximately 6 in. (152 mm) below the top of the specimen, as noted on Figure 4.42. Figure 4.43(b) 
shows the observed core crushing damage at the top of the specimen. 
Specimen CS8 experienced bar buckling of the corner bars on the rear face at approximately 1.84% 
normalized axial displacement in compression in the same region as core crushing, as noted on Figure 
4.42. The corner location, with a significantly less amount of surrounding concrete, may likely have 
contributed to the failure. Significant strength loss occurred prior to noticeable bar buckling in the 
specimen. Figure 4.43(c) shows the specimen at the bar buckling damage state, and Figure 4.45 shows 
the bar buckling damage. 
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(Δ/hw = 0.34%) 
 
(Δ/hw = 0.91%) 
 
(Δ/hw = 1.84%) 
(a) (b) (c) 
Figure 4.43: Specimen CS8 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.34%) 
(a) 
Figure 4.44: Specimen CS8 Measured Compression Strain at Spalling (%) 
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Figure 4.45. Bar Buckling in Specimen CS8 (Δ/hw = 1.84%) 
4.8.3. Out-of-Plane Deformation 
The out-of-plane deformation of specimen CS8 is shown in Figure 4.46. The out-of-plane 
deformation, normalized by the specimen height, was measured at 0.40% and 0.63% at the spalling 
and core crushing damage states, respectively. The out-of-plane deformation at the bar buckling 
damage state was 0.35%. The lower out-of-plane deformation magnitudes are consistent with the bar 
buckling damage state (as compared with the sectional buckling damage state). 
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Figure 4.46: Out-of-Plane Deformation Progression in Specimen CS8 
4.8.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain is measured in specimen CS8 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel was 
approximately 0.18%, over half the yield strain. Although the strain gauge failed as the specimen 
reached its peak, it is not likely that the stress increased substantially in the longitudinal steel following 
this point.  
Figure 4.47 shows the expansive pressure for specimen CS8, measured in the major and minor 
axes at the top, middle, and bottom of the specimen. Note that the minor axis strain gauge at the top 
of the specimen failed prior to testing, and therefore data at this point is not available. The expansive 
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pressure along the major axis was significantly higher at the top of the specimen as compared with the 
middle and bottom, clearly indicating the majority of the compressive strain being located at the top 
of the specimen. The expansive pressure along the minor axis at the bottom of the specimen was over 
triple that of the major axis, indicating poor confinement along the major axis. The expansive pressure 
along the major axis, as measured by the expansive gauges, was similar to that of the strain gauges. 
 
Figure 4.47: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.34%) of Specimen CS8 (psi) 
4.9. Specimen CS9 
Specimen CS9 was detailed using the OBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS9 is shown in Figure 4.48. Specimen CS9 was 
tested using a monotonic loading protocol. 
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Figure 4.48: Specimen CS9 Cross-Section As-Built 
4.9.1. Load-Deformation 
The load-deformation response of specimen CS9 is shown in Figure 4.49; the displacement history 
is shown in Table 4.15. Specimen CS9 was loaded monotonically to a normalized displacement ratio 
of 2.00%. Note that data acquisition pauses (as described in Chapter 3) are made at normalized axial 
displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, and 0.25% intervals 
thereafter; Table 4.15 is a representative set of loading steps as measured by instrumentation, and for 
efficiency and clarity does not include every pause. The dips in load throughout the response are 
concurrent with the loading pauses; as shown, as soon as loading resumes the load returns to its 
previous position prior to the pause.  
The maximum compression (“compressive capacity”) of 480 kip occurred at approximately 0.31% 
normalized axial displacement. The predicted design compressive capacity (0.85*fc’*Aconc + fy*As) was 
736 kip, however considering the measured strain in the longitudinal steel (reported later in this 
section), the expected peak load was 613 kip. 
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Table 4.15: Displacement Loading History for Specimen CS9 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.05 (1.3) 0.13% 0.15 (3.8) 
0.08 (2.0) 0.20% 0.15 (3.8) 
0.13 (3.3) 0.33% 0.15 (3.8) 
0.22 (5.6) 0.55% 0.15 (3.8) 
0.33 (8.4) 0.83% 0.15 (3.8) 
0.46 (11.7) 1.15% 0.15 (3.8) 
0.57 (14.5) 1.43% 0.15 (3.8) 
0.80 (20.3) 2.00% 0.15 (3.8) 
 
 
 
Figure 4.49: Specimen CS9 Load-Deformation Response 
4.9.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS9, as 
denoted in Table 4.16. Further photos showing the damage progression for specimen CS9 can be 
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found in Appendix B. Significant spalling prevented accurate measurement of the strain distribution 
using the photogrammetry system following the spalling damage state. 
Table 4.16: Major Damage States for Specimen CS9 
Norm. Axial 
Disp. 
Damage 
0.33% Spalling at top with continued vertical cracking 
1.15% Core crushing at top of specimen 
1.43% Sectional buckling near top of specimen 
 
The onset of spalling occurred at the lower middle of specimen relatively uniformly across the 
cross-section at approximately 0.33%, as noted on Figure 4.49. The spalling appears to be the result 
of propagating vertical cracks near the top of the specimen. Note that mostly detached spalls were not 
manually removed in early tests, however in later tests these spalls were removed for clarity of 
observation. Regardless, these spalls did not contribute to the compressive strength of the specimen.  
The strain distribution at spalling was relatively uniform over the length of the specimen, and 
focused near the top of the specimen at a peak of about 0.9%. Figure 4.50(a) shows the observed 
spalling damage at the top of the specimen, and Figure 4.51(a) shows the compressive strain over the 
height of the specimen at spalling as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 1.15% normalized axial displacement in compression at 
approximately 6 in. (152 mm) below the top of the specimen, as noted on Figure 4.49. Figure 4.50(b) 
shows the observed core crushing damage at the top of the specimen. 
Significant observable sectional buckling occurred near the top of specimen CS9 at approximately 
1.43% normalized axial displacement, as noted in Figure 4.49. Figure 4.50(c) shows the specimen at 
the buckling damage state. The specimen exhibited significant loss in load-carrying capacity well before 
reaching the buckling damage state, indicated that poorly confined sections are controlled more by 
the crushing behavior of the concrete as opposed to the stability of the reinforcement cage. This is 
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supported by the locally larger compression strain observed at spalling as compared with other, well-
confined, specimens. 
 
 
(Δ/hw = 0.33%) 
 
(Δ/hw = 1.15%) 
 
(Δ/hw = 1.43%) 
(a) (b) (c) 
Figure 4.50: Specimen CS9 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.33%) 
(a) 
Figure 4.51: Specimen CS9 Measured Compression Strain at Spalling (%) 
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4.9.3. Out-of-Plane Deformation 
Specimen CS9 experienced observable sectional buckling at approximately 1.43% normalized axial 
displacement in compression. The magnitude of out-of-plane deformation, as normalized by the 
specimen height, was 0.55%, 1.55%, and 1.83% at the spalling, core crushing, and observed buckling 
damage states, respectively. The larger out-of-plane deformations clearly indicate some manner of 
overall buckling failure mode. 
 
Figure 4.52: Out-of-Plane Deformation Progression in Specimen CS9 
4.9.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain is measured in specimen CS9 by a single strain gauge at 
mid-height of the specimen. The maximum recorded compressive strain in the longitudinal steel was 
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approximately 0.15%, nearly half the yield strain. Although the strain gauge failed as the specimen 
reached its peak, it is not likely that the stress increased substantially in the longitudinal steel following 
this point. 
Figure 4.53 shows the expansive pressure for specimen CS9, measured in the major and minor 
axes at the top, middle, and bottom of the specimen. Note that the minor axis strain gauge at the 
bottom of the specimen failed prior to testing, and therefore data at this point is not available. The 
expansive pressure along the major axis was significantly higher at the top of the specimen as 
compared with the middle and bottom, clearly indicating the majority of the compressive strain was 
at the top of the specimen. The expansive pressure was relatively similar along the major and minor 
axes at the top of the specimen, indicating similar confining action. The expansive pressure along the 
major axis, as measured by the expansive gauges, was similar to that of the strain gauges. 
 
Figure 4.53: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.31%) of Specimen CS9 (psi) 
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4.10. Specimen CS10 
Specimen CS10 was detailed using the xSBE detail classification with a combination of rectilinear 
closed hoops and standard 90o-135o crossties.  A cross-section as-built drawing of specimen CS10 is 
shown in Figure 4.54. Specimen CS10 was tested using a reversed-cyclic loading protocol. 
 
Figure 4.54: Specimen CS10 Cross-Section As-Built 
4.10.1. Load-Deformation 
The load-deformation response of specimen CS10 is shown in Figure 4.55; the displacement 
history is shown in Table 4.17. Specimen CS10 was loaded cyclically to a normalized axial displacement 
of 2.53%. Residual compressive strength remained at this point, and therefore the specimen was 
loaded monotonically to failure. The maximum compression (“compressive capacity”) of 561 kip 
occurred at approximately 2.40% normalized axial displacement. The predicted design compressive 
capacity (0.85*fc’*Aconc + fy*As) was 701 kip, however considering the measured strain in the longitudinal 
steel (reported later in this section), the expected peak load was 644 kip. 
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Table 4.17: Displacement Loading History for Specimen CS10 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.03 (0.8) 0.08% 1-2 0.10 (2.5) 
0.08 (2.0) 0.20% 3-4 0.25 (6.4) 
0.16 (4.1) 0.40% 5-6 0.25 (6.4) 
0.34 (8.6) 0.85% 7-8 0.25 (6.4) 
0.56 (14.2) 1.40% 9-10 0.50 (12.7) 
0.96 (24.4) 2.40% 11-12 0.50 (12.7) 
1.99 (50.5) 4.98% 13 0.50 (12.7) 
 
 
Figure 4.55: Specimen CS10 Load-Deformation Response 
The tensile capacity of specimen CS10 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 2.5 in. (63.5 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width was approximately 0.125 in. (3.2 mm), which 
occurred at about 2.00% normalized axial displacement in tension. 
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4.10.2. Damage Progression 
This section presents observed and measured major damage states for specimen CS10, as denoted 
in Table 4.18. Further photos showing the damage progression for specimen CS10 can be found in 
Appendix B. Photogrammetry results became erroneous following the buckling damage state due to 
significant core damage affecting the target locations. 
Table 4.18: Major Damage States for Specimen CS10 
Norm. Axial 
Disp. 
Damage 
0.40% Spalling at top with continued vertical cracking 
-0.40% Tensile yielding of longitudinal reinforcement 
1.39% Core crushing at top of specimen 
2.90% Sectional buckling near top of specimen 
3.16% 90o bend failure in crossties at crush zone 
 
The onset of spalling occurred relatively uniformly near the top of the specimen at approximately 
0.40% normalized axial displacement in compression, as noted on Figure 4.55. The spalling appeared 
to be due to propagating and enlarging vertical cracks near the top of the specimen. The majority of 
the compressive strain in the specimen was located at the top of the specimen at this cycle, with a 
maximum of approximately 0.50%; the compressive strains near the bottom of the specimen were 
negligible.  Figure 4.56(a) shows the observed spalling damage at the top of the specimen, and Figure 
4.57(a) shows the compressive strain over the height of the specimen at spalling as measured by the 
cored target photogrammetry. 
Core crushing occurred at approximately 1.39% normalized axial displacement in compression 
after a significant amount of spalling at approximately 4 in. (102 mm) below the top of the specimen, 
as noted in Figure 4.55. Again, the majority of the compressive strain occurred near the top of the 
specimen, peaking at approximately 4.3%. Approximately 2.0% compressive strain was measured at 
the bottom of the specimen; negligible compressive strain was measured in the middle of the 
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specimen.  Figure 4.56(b) shows the observed core crushing damage at the top of the specimen and 
Figure 4.57(b) shows the compressive strain over the height of the specimen at core crushing as 
measured by the cored target photogrammetry. 
Specimen CS10 experienced observable sectional buckling near the core crushing location at 
approximately 2.90% normalized axial displacement in compression, as noted in Figure 4.55. At this 
cycle, nearly all compressive strain was located near the top of the specimen, peaking at approximately 
12.0%. The bottom of the specimen experienced a minimal amount of compressive strain while small 
residual tensile strains of approximately -1.0% are measured in the middle of the specimen.  Figure 
4.56(c) shows the specimen at the buckling damage state and Figure 4.57(c) shows the compressive 
strain over the height of the specimen at buckling as measured by the cored target photogrammetry. 
As significant load loss (approximately 3.16% normalized axial displacement in compression) 
occurred, the 90o bends of the crossties near the core crushing zone bent out of the core, no longer 
considered to be contributing to confinement.  Figure 4.56(d) shows this the specimen at this damage 
state. Figure 4.58 shows the crosstie failure. 
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(Δ/hw = 0.40%) 
 
(Δ/hw = 1.39%) 
 
(Δ/hw = 2.90%) 
 
(Δ/hw = 3.16%) 
(a) (b) (c) (d) 
Figure 4.56: Specimen CS10 Damage Progression: (a) Spalling, (b) Core Crushing, (c) Buckling, and (d) Crosstie Failure 
 
(Δ/hw = 0.40%) 
 
(Δ/hw = 1.39%) 
 
(Δ/hw = 2.90%) 
(a) (b) (c) 
Figure 4.57: Specimen CS10 Measured Compression Strain: (a) Spalling, (b) Core crushing, and (c) Buckling (%) 
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Figure 4.58. Crosstie Failure in Specimen CS10 (Δ/hw = 3.16%) 
4.10.3. Out-of-Plane Deformation 
Specimen CS10 experienced observable sectional buckling at approximately 2.9% normalized axial 
displacement in compression. However, prior to significant load loss, the out-of-plane deformation 
progression was relatively uniform throughout the test. The out-of-plane deformation, as normalized 
by the height of the specimen, was approximately 0.2%, 0.7%, and 1.0% at spalling, core crushing, 
and buckling, respectively. The crosstie failure (as previously defined as the tie observably bending out 
of the section) occurred shortly after the buckling failure mode, however the out-of-plane deformation 
at this stage was over 3.5%, which indicates a significant shift in cage stability coincident with crosstie 
failure. Figure 4.59 shows the out-of-plane deformation of specimen CS10. Note that the crosstie 
failure damage state was observed at a normalized axial displacement of 5% as compared with the 
buckling failure state, which was observed at a normalized axial displacement of 3%; the crosstie 
damage state was consistent with a significantly higher out-of-plane deformation as compared with 
the sectional buckling damage state. 
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Figure 4.59: Out-of-Plane Deformation Progression in Specimen CS10 
4.10.4. Strain Gauge Measurements 
The maximum measured longitudinal reinforcing steel strain in each curtain at the middle-height 
of specimen CS10 was 0.16% in compression, just over half of the reinforcement yield strain. Available 
measurements are reported in Figure 4.60, which also compares the longitudinal reinforcing steel 
strain at spalling at each location along the height on each curtain (front and rear). The longitudinal 
reinforcing steel strain is relatively even in each curtain, indicating uniform loading. Although the 
strain gauges generally failed as the specimen reached its peak, it is not likely that the stress increased 
substantially in the longitudinal steel following this point. 
-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5
0
5
10
15
20
25
30
35
40
Out-of-Plane Deformation, 
 
/ h
w
 (%)
H
ei
g
h
t 
o
f 
S
p
ec
im
en
 (
in
.)
 
 
Spalling Crushing Buckling Tie-Failure
0
100
200
300
400
500
600
700
800
900
1000
H
ei
g
h
t 
o
f 
S
p
ec
im
en
 (
m
m
.)
192 
 
 
Figure 4.60: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.40%) in Specimen CS10 (%) 
Figure 4.61 shows the expansive pressure in specimen CS10, measured in both the major and 
minor axes at the top, middle, and bottom of the specimen. The measured expansive pressure at the 
top and middle of the specimen along the major axis was nearly twice that of the minor axis; the 
measured values were very similar at the bottom. The variance in expansive pressure in the significant 
damage zone (near the top of the specimen) indicated a higher level of passive confinement along the 
major axis than that of the minor axis, however as the gauge was located on one of the overlapping 
hoops, this may not accurately model the behavior of the crossties. The expansive pressure 
corresponds well with the observed damage over the height of the specimen, as discussed previously 
in this section. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
measured value from the strain gauge may have been a maximum. This would result in an 
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overestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
 
Figure 4.61: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.40%) of Specimen CS10 (psi) 
4.11. Specimen CS11 
Specimen CS11 was detailed using the xSBE detail classification with a combination of rectilinear 
closed hoops and standard 90o-135o crossties.  A cross-section as-built drawing of specimen CS11 is 
shown in Figure 4.62. Specimen CS11 was tested using a monotonic loading protocol. 
 
Figure 4.62: Specimen CS11 Cross-Section As-Built 
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4.11.1. Load-Deformation 
The load-deformation response of specimen CS11 is shown in Figure 4.63; the displacement 
history is shown in Table 4.19. Specimen CS11 was loaded monotonically to a normalized 
displacement ratio of 2.80%. Note that data acquisition pauses (as described in Chapter 3) are made 
at normalized axial displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, 
and 0.25% intervals thereafter; Table 4.19 is a representative set of loading steps as measured by 
instrumentation, and for efficiency and clarity does not include every pause. The dips in load 
throughout the response are concurrent with the loading pauses; as shown, as soon as loading resumes 
the load returns to its previous position prior to the pause. The maximum compression (“compressive 
capacity”) of 597 kip occurred at approximately 2.32% normalized axial displacement. The predicted 
design compressive capacity (0.85*fc’*Aconc + fy*As) was 701 kip, however considering the measured 
strain in the longitudinal steel (reported later in this section), the expected peak load was 668 kip. 
Table 4.19: Displacement Loading History for Specimen CS11 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.06 (1.5) 0.15% 0.15 (3.8) 
0.12 (3.0) 0.30% 0.15 (3.8) 
0.32 (8.1) 0.80% 0.15 (3.8) 
0.46 (11.7) 1.15% 0.15 (3.8) 
0.68 (17.3) 1.70% 0.15 (3.8) 
0.82 (20.8) 2.05% 0.15 (3.8) 
0.92 (23.4) 2.30% 0.15 (3.8) 
1.08 (27.4) 2.70% 0.15 (3.8) 
1.28 (32.5) 3.20% 0.15 (3.8) 
1.44 (36.6) 3.60% 0.15 (3.8) 
1.67 (42.5) 4.18% 0.15 (3.8) 
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Figure 4.63: Specimen CS11 Load-Deformation Response 
4.11.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS11, as 
denoted in Table 4.20. Further photos showing the damage progression for specimen CS11 can be 
found in Appendix B. Photogrammetry results became erroneous following the buckling damage state 
due to significant core damage affecting the target locations. 
Table 4.20: Major Damage States for Specimen CS11 
Norm. Axial 
Disp. 
Damage 
0.57% Spalling at top with continued vertical cracking 
1.14% Core crushing at top of specimen 
2.57% Sectional buckling near top of specimen 
3.19% 90o bend failure in crossties at crush zone 
 
Spalling occurred on both the front and rear faces of the specimen at the top at approximately 
0.57% normalized axial displacement in compression, as noted on Figure 4.63. The spalling appears 
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to be due to propagating and enlarging vertical cracks, focused more on the right end of the specimen 
(per photo view). The majority of the measured compressive strain in the specimen at spalling was 
located at the top of the specimen, focused more on the right end, with a maximum of approximately 
1.50%. The compressive strain at the bottom of the specimen at spalling was approximately 0.50%, 
and very little compressive strain was experience in the midsection of the specimen. Figure 4.64 (a) 
shows the observed spalling damage at the top of the specimen, and Figure 4.65 (a) shows the 
measured compressive strain over the height of the specimen at spalling as measured by the cored 
target photogrammetry. 
Core crushing occurred at approximately 1.14% normalized axial displacement in compression at 
approximately 4 in. (102 mm) below the top of the specimen, as noted in Figure 4.63. The majority of 
the measured compressive strain at the core crushing stage was located near the top of the specimen, 
peaking at approximately 8.0%. Approximately 2.0% compressive strain was measured at the bottom 
of the specimen, while the midsection remained at approximately zero compressive strain. Figure 4.64 
(b) shows the observed core crushing damage at the top of the specimen, and Figure 4.65 (b) shows 
the compressive strain over the height of the specimen at core crushing as measured by the cored 
target photogrammetry. 
Specimen CS11 experienced observable sectional buckling near the same location as core crushing 
at approximately 2.57% normalized axial displacement, as noted in Figure 4.63. At this damage state, 
nearly the substantial compressive strain demands were located at the top of the specimen, peaking at 
approximately 14%. The compressive strain at the bottom of the specimen remained near 3% 
compressive strain while the midsection of the specimen remained at approximately zero. Measured 
out-of-plane deformation progression is described further later in this section. Figure 4.64 (c) 
specimen at the buckling damage state, and Figure 4.65 (c) shows the compressive strain over the 
height of the specimen at buckling as measured by the cored target photogrammetry. 
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Significant load loss was realized in specimen CS11 began as the specimen started to experience 
sectional buckling. As the specimen was further loaded, the 90o bends of the crossties near the core 
crushing zone bent out and were no longer considered to be contributing to confinement. Figure 4.64 
(d) shows the specimen at the crosstie failure damage state. Figure 4.66 shows the crosstie failure. 
 
(Δ/hw = 0.57%) 
 
(Δ/hw = 1.14%) 
 
(Δ/hw = 2.57%) 
 
(Δ/hw = 3.19%) 
(a) (b) (c) (d) 
Figure 4.64: Specimen CS11 Damage Progression: (a) Spalling, (b) Core Crushing, (c) Buckling, and (d) Crosstie Failure 
 
(Δ/hw = 0.57%) 
 
(Δ/hw = 1.14%) 
 
(Δ/hw = 2.57%) 
(a) (b) (c) 
Figure 4.65: Specimen CS11 Measured Compression Strain: (a) Spalling, (b) Core Crushing, and (c) Buckling (%) 
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Figure 4.66. Crosstie Failure in Specimen CS11 (Δ/hw = 3.19%) 
4.11.3. Out-of-Plane Deformation 
Specimen CS11 experienced observable buckling at approximately 2.57% normalized axial 
displacement in compression. However, as shown in Figure 4.67, the out-of-plane damage progression 
shows that the specimen deformed slightly in the opposite direction at the spalling stage as compared 
with the observed buckling stage. The magnitude of deformation at this stage was approximately 
0.25%. After the core crushing stage, the specimen appeared to deform the other direction, and return 
to nearly vertical. At this point, the specimen began to buckle in the direction observed at the sectional 
buckling damage state, to approximately 0.7%, as normalized by the height of the specimen. The out-
of-plane deformation was approximately 2.1% at the crosstie failure stage. Again, the out-of-plane 
deformation was significantly larger at the crosstie failure state as compared with the buckling state, 
indicating a significant loss in cage stability.  Figure 4.67 shows the out-of-plane deformation 
progression for specimen CS11. 
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Figure 4.67: Out-of-Plane Deformation Progression in Specimen CS11 
4.11.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain at the top and bottom of specimen CS11 was relatively 
low, which was expected with the method of loading. The maximum measured compressive 
longitudinal reinforcing steel strain of 0.20% was measured at the middle-height of specimen CS11, 
which was about two-thirds the reinforcement yield strain. Strain gauge data for the corresponding 
rear-curtain was not available due to strain gauge failure. Available measured strains are reported in 
Figure 4.68, which also compares the longitudinal reinforcing steel strain at spalling at each location 
along the height on each curtain (front and rear). Strain gauge data in the rear curtain at the bottom 
of the specimen was determined to be erroneous, and therefore strain data for the rear curtain is only 
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available at the top of the specimen.  The strain in the front and rear curtains at the top of the specimen 
are similar, which indicates uniform loading. Although the strain gauges generally failed as the 
specimen reached its peak, it is not likely that the stress increased substantially in the longitudinal steel 
following this point. 
 
Figure 4.68: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.57%) in Specimen CS11 (%) 
Figure 4.69 shows the expansive pressure in specimen CS11, measured in both the major and the 
minor axes at the top and bottom of the specimen; strain gauge failure occurred in the transverse 
reinforcement strain gauges located at the middle of the specimen. The measured expansive pressure 
at the top and middle of the specimen along the major axis was nearly twice that of the minor axis; 
the measured values are very similar at the bottom. The variance in expansive pressure in the 
significant damage zone (near the top of the specimen) indicates a higher level of passive confinement 
along the major axis than that of the minor axis. This gauge is located on one of the overlapping hoops 
however, which may not accurately model the behavior of the crossties. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
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transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
measured value from the strain gauge may have been a maximum. This would result in an 
overestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
 
Figure 4.69: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.57%) of Specimen CS11 (psi) 
4.12. Specimen CS12 
Specimen CS12 was detailed using the SBE detail configuration with overlapping rectilinear hoops. 
A cross-section as-built drawing of specimen CS12 is shown in Figure 4.70. The top 12 in. (305 mm), 
or 1.5tw, of the longitudinal reinforcement was debonded from the concrete, as described in Section 
3.2.4 and Figure 3.11. Specimen CS12 was tested using a reversed-cyclic loading protocol. 
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Figure 4.70: Specimen CS12 Cross-Section As-Built 
4.12.1. Load-Deformation 
The load-deformation response of specimen CS12 is shown in Figure 4.71; the displacement 
history is shown in Table 4.21. Specimen CS12 was loaded cyclically to a normalized axial displacement 
of 1.68%, at which point it became clear that the rebar couplers were slipping at the top of the 
specimen. The specimen was loaded in monotonic compression from this point to a normalized axial 
displacement of 4.05% to avoid any tension failures. The maximum compression (“compressive 
capacity”) of 496 kip occurred at approximately 1.68% normalized axial displacement. The predicted 
design compressive capacity (0.85*fc’*Aconc + fy*As) was 701 kip, however considering the measured 
strain in the longitudinal steel (reported later in this section), the expected peak load was 636 kip. 
Table 4.21: Displacement Loading History for Specimen CS12 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.04 (1.0) 0.10% 1-2 0.10 (2.5) 
0.08 (2.0) 0.20% 3-4 0.25 (2.5) 
0.15 (3.8) 0.38% 5-6 0.25 (6.4) 
0.26 (6.6) 0.65% 7-8 0.25 (6.4) 
0.47 (11.9) 1.18% 8-9 0.25 (6.4) 
0.67 (17.0) 1.68% 10-11 0.50 (12.7) 
0.95 (24.1) 2.38% 12 0.50 (12.7) 
1.16 (29.5) 2.90% 13 0.50 (12.7) 
1.62 (41.1) 4.05% 14 0.50 (12.7) 
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Figure 4.71: Specimen CS12 Load-Deformation Response 
The tensile capacity of specimen CS12 was concurrent with the expected yield strength of the 
longitudinal reinforcement, however significant visible coupler slippage resulted in a reduction in 
tensile capacity starting at approximately 0.50% normalized axial displacement in tension. 
The crack spacing varied between approximately 2.5 in. (63.5 mm) and 5 in. (126 mm) along the 
height of the specimen, concurrent with the transverse reinforcement spacing; no cracks were 
observed in the region of the specimen where the reinforcement was debonded. The maximum crack 
width was approximately 0.02 in. (0.5 mm), which occurred at about 1.31% normalized axial 
displacement in tension. The small crack widths are concurrent with the smaller tensile strains 
experienced by the specimen due to the abbreviated cyclic loading protocol and coupler failures. 
4.12.2. Damage Progression 
This section presents observed and measured major damage states for specimen CS12, as denoted 
in Table 4.22. Further photos showing the damage progression for specimen CS12 can be found in 
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Appendix B. Unfortunately, a problem in the photogrammetry system resulted in erroneous strain 
distribution results, which are therefore not presented for this specimen. 
Table 4.22: Major Damage States for Specimen CS12 
Norm. Axial 
Disp. 
Damage 
0.65% Spalling at top with continued vertical cracking 
-0.40% Tensile yielding of longitudinal reinforcement 
-0.65% Reinforcement coupler failure 
1.18% Core crushing at top of specimen 
1.68% Bar buckling near top of specimen 
 
The onset of spalling was located near the top left of the specimen (as viewed from the rear), 
which occurred at approximately 0.65% normalized axial displacement, as noted on Figure 4.71. The 
spalling appears to be due to propagating and enlarging vertical cracks near the top of the specimen. 
Figure 4.72(a) shows the observed spalling damage at the top of the specimen. 
Core crushing occurred at approximately 1.18% normalized axial displacement, as noted in Figure 
4.71, at about 6 in. (152 mm) below the top of the specimen. The crushing plane appeared diagonal 
from the top right (as viewed from the rear) to two-thirds the height of the specimen on the left side. 
Figure 4.72(b) shows the observed core crushing damage at the top of the specimen. 
Specimen CS12 experienced bar buckling of the corner and first interior bars on the front face at 
approximately 1.68% normalized axial displacement in compression in the same region as core 
crushing, as noted on Figure 4.71. Bar buckling occurred earlier than that of similar specimens with 
fully bonded rebar, indicating that the debonding had an effect on the bar behavior. Significant 
strength loss occurred immediately after bar buckling commenced. Figure 4.72(c) the specimen at the 
bar buckling damage state, and Figure 4.73 shows the bar buckling damage. 
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(Δ/hw = 0.65%) 
 
(Δ/hw = 1.18%) 
 
(Δ/hw = 1.68%) 
(a) (b) (c) 
Figure 4.72: Specimen CS12 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
Figure 4.73. Bar Buckling in Specimen CS12 (Δ/hw = 1.68%) 
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4.12.3. Out-of-Plane Deformation 
The out-of-plane deformation progression of specimen CS12 is shown in Figure 4.74. The out-
of-plane deformation, normalized by the specimen height, was measured at 0.35% and 0.59% at the 
spalling and core crushing states, respectively. The deformation at the bar buckling damage state was 
approximately 1.26%, which was larger than most specimens that exhibited bar buckling, indicating 
that the specimen may have experienced slight sectional buckling as well. 
 
Figure 4.74: Out-of-Plane Deformation Progression in Specimen CS12 
4.12.4. Strain Gauge Measurements 
The compressive longitudinal reinforcing steel strain of specimen CS12 was relatively low as 
compared with other specimens, an indication of the lack of load transfer in the debonded steel. The 
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compressive strain was nearly zero at the top of the specimen, and was at a maximum of 0.09% at the 
middle of the specimen, which is only one-third the yield strain. The compressive strain in the 
longitudinal reinforcement at the bottom of the specimen was on average about 0.05%. Available 
measurements are reported in Figure 4.75, which compares the longitudinal reinforcing steel strain at 
spalling at each location along the height on each curtain (front and rear). The compressive strain in 
the bars of each curtain were similar throughout the height of the specimen, except at the bottom. 
Although the strain gauges generally failed as the specimen reached its peak, it is not likely that the 
stress increased substantially in the longitudinal steel following this point. 
 
Figure 4.75: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.50%) in Specimen CS12 (%) 
Figure 4.76 shows the expansive pressure in specimen CS12, measured in both the major and 
minor axes at the top, middle, and bottom of the specimen.  The expansive pressure at the top of the 
specimen was relatively similar in both axes, indicating similar passive confinement. The demand 
profile indicates that even with the debonded region of reinforcing steel, the highest demands were 
still at the top of the specimen. The expansive pressure corresponds well with the observed damage 
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over the height of the specimen, as discussed previously in this section. The expansive pressure along 
the major axis, as measured by the expansive gauges, was similar to that of the strain gauges. 
 
Figure 4.76: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.50%) of Specimen CS12 (psi) 
4.13. Specimen CS13 
Specimen CS13 was detailed using the SBE detail classification with overlapping rectilinear hoops. 
A cross-section as-built drawing of specimen CS13 is shown in Figure 4.77. The top 12 in. (305 mm), 
or 1.5tw, of the longitudinal reinforcement was debonded from the concrete, as described in Section 
3.2.4 and Figure 3.11. Specimen CS13 was tested using a reversed-cyclic loading protocol. 
 
Figure 4.77: Specimen CS13 Cross-Section As-Built 
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4.13.1. Load-Deformation 
The load-deformation response of specimen CS13 is shown in Figure 4.78; the displacement 
history is shown in Table 4.23. Specimen CS13 was loaded monotonically to a normalized 
displacement ratio of 3.50%. Note that data acquisition pauses (as described in Chapter 3) are made 
at normalized axial displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, 
and 0.25% intervals thereafter; Table 4.23 is a representative set of loading steps as measured by 
instrumentation, and for efficiency and clarity does not include every pause. The dips in load 
throughout the response are concurrent with the loading pauses; as shown, as soon as loading resumes 
the load returns to its previous position prior to the pause. The maximum compression (“compressive 
capacity”) of 395 kip occurred at approximately 2.19% normalized axial displacement. The predicted 
design compressive capacity (0.85*fc’*Aconc + fy*As) was 701 kip, however considering the measured 
strain in the longitudinal steel (reported later in this section), the expected peak load was 603 kip. 
Table 4.23: Displacement Loading History for Specimen CS13 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.06 (1.5) 0.15% 0.15 (3.8) 
0.11 (2.8) 0.28% 0.15 (3.8) 
0.19 (4.8) 0.48% 0.15 (3.8) 
0.36 (9.1) 0.90% 0.15 (3.8) 
0.57 (14.5) 1.43% 0.15 (3.8) 
0.75 (19.1) 1.88% 0.15 (3.8) 
0.95 (24.1) 2.38% 0.15 (3.8) 
1.18 (30.0) 2.95% 0.15 (3.8) 
1.40 (35.6) 3.50% 0.15 (3.8) 
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Figure 4.78: Specimen CS13 Load-Deformation Response 
4.13.2. Damage Progression 
This section presents observed and measured major damage states for specimen CS13, as denoted 
in Table 4.24. Further photos showing the damage progression for specimen CS13 can be found in 
Appendix B. Photogrammetry results become erroneous following the crushing damage state due to 
significant core damage affecting the target locations. 
Table 4.24: Major Damage States for Specimen CS13 
Norm. Axial 
Disp. 
Damage 
0.48% Diagonal spalling at top with continued vertical cracking 
1.20% Diagonal core crushing at top of specimen 
1.96% Bar buckling near top of specimen 
 
The onset of spalling was located near the top of the specimen, which occurred at approximately 
0.48% normalized axial displacement, as noted on Figure 4.78. The spalling occurred concurrent with 
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a large diagonal crack that formed from the top left corner of the specimen (as viewed from the rear) 
to approximately two-thirds the height of the specimen on the right side. The crack was consistent on 
both the front and rear of the specimen, indicating uniform loading. The strain distribution at spalling 
indicates very little, if any, compressive strain in the specimen. This is likely due to a combination of 
the small level of normalized axial displacement and slight out-of-plane deformation towards the 
cameras.  Figure 4.79(a) shows the observed spalling damage at the top of the specimen, and Figure 
4.80(a) shows the compressive strain over the height of the specimen at spalling as measured by the 
surface target photogrammetry. 
 Core crushing occurred at approximately 1.20% normalized axial displacement, as noted in 
Figure 4.78. The crushing plane was diagonal, consistent with the spalling behavior described above. 
The strain distribution at the crushing damage sate is more indicative of the observed damage. Higher 
compressive strains (near 2.0%) were measured slightly toward the left side of the specimen. Figure 
4.79(b) shows the observed core crushing damage at the top of the specimen, and Figure 4.80(b) 
shows the compressive strain over the height of the specimen at core crushing as measured by the 
surface target photogrammetry. 
Specimen CS13 experienced bar buckling of the corner and first interior bars on the front face at 
approximately 1.96% normalized axial displacement in compression in the same region as core 
crushing, as noted on Figure 4.78. Bar buckling occurred earlier than that of similar specimens with 
fully bonded rebar, indicating that the debonding had an effect on the bar behavior. Significant 
strength loss occurred immediately after bar buckling commenced. Figure 4.79(c) shows the specimen 
at the buckling damage state. 
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(Δ/hw = 0.48%) 
 
(Δ/hw = 1.20%) 
 
(Δ/hw = 1.96%) 
(a) (b) (c) 
Figure 4.79: Specimen CS13 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
 
(Δ/hw = 0.48%) 
 
(Δ/hw = 1.20%) 
(a) (b) 
Figure 4.80: Specimen CS13 Measured Compression Strain: (a) Spalling, and (b) Core Crushing (%) 
4.13.3. Out-of-Plane Deformation 
The out-of-plane deformation progression of specimen CS13 is shown in Figure 4.81. The out-
of-plane deformation, normalized by the specimen height, was measured at 0.48% and 0.77% at the 
spalling and core crushing states, respectively. The magnitude of out-of-plane deformation did not 
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increase significantly during the bar buckling damage state; the measured maximum at this state was 
0.83%. 
 
Figure 4.81: Out-of-Plane Deformation Progression in Specimen CS13 
4.13.4. Strain Gauge Measurements 
The compressive longitudinal reinforcing steel strains measured for specimen CS13 were relatively 
low as compared with other specimens, an indication of suppression of load transfer from the 
debonded steel. The compressive strain in the longitudinal steel was approximately 0.05% at the top 
of the specimen, and was at a maximum of 0.12% at the middle of the specimen, which is just over 
one-third the yield strain. The compressive strain in the longitudinal reinforcement at the bottom of 
the specimen was approximately 0.07%. Available measurements are reported in Figure 4.82, which 
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compares the longitudinal reinforcing steel strain at spalling at each location along the height on each 
curtain (front and rear). The compressive strain in the bars of each curtain were similar throughout 
the height of the specimen, indicating uniform loading. Although the strain gauges generally failed as 
the specimen reached its peak, it is not likely that the stress increased substantially in the longitudinal 
steel following this point. 
 
Figure 4.82: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.48%) in Specimen CS13 (%) 
Figure 4.83 shows the expansive pressure in specimen CS13, measured in both the major and 
minor axes at the top, middle, and bottom of the specimen. Similar to its cyclic counterpart, the 
expansive pressure at the top of the specimen was relatively similar in both axes, indicating similar 
passive confinement. The demand profile indicates that even with the debonded region of reinforcing 
steel, the highest demands were still at the top of the specimen. The expansive pressure corresponds 
well with the observed damage over the height of the specimen. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
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measured value from the strain gauge may have been a minimum. This would result in an 
underestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
 
Figure 4.83: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.48%) of Specimen CS13 (psi) 
4.14. Specimen CS14 
Specimen CS14 was detailed using the SBE detail classification with a combination of rectilinear 
closed hoops and standard 90o-135o crossties.  A cross-section as-built drawing of specimen CS14 is 
shown in Figure 4.84. Specimen CS14 was tested using a reversed-cyclic loading protocol. 
 
Figure 4.84: Specimen CS14 Cross-Section As-Built 
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4.14.1. Load-Deformation 
The load-deformation response of specimen CS14 is shown in Figure 4.85; the displacement 
history is shown in Table 4.25. Specimen CS14 was loaded cyclically to a normalized axial displacement 
of 1.83%. Residual compressive strength remained at this point, and therefore the specimen was 
loaded monotonically to failure. The maximum compression (“compressive capacity”) of 424 kip 
occurred at approximately 0.30% normalized axial displacement. The predicted design compressive 
capacity (0.85*fc’*Aconc + fy*As) was 724 kip, however considering the measured strain in the longitudinal 
steel (reported later in this section), the expected peak load was 585 kip. 
Table 4.25: Displacement Loading History for Specimen CS14 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.03 (0.8) 0.08% 1-2 0.10 (2.5) 
0.07 (1.8) 0.18% 3-4 0.25 (6.4) 
0.16 (4.1) 0.40% 5-6 0.25 (6.4) 
0.42 (10.7) 1.05% 7-8 0.25 (6.4) 
0.73 (18.5) 1.83% 9-10 0.50 (12.7) 
1.21 (30.7) 3.03% 11 0.50 (12.7) 
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Figure 4.85: Specimen CS14 Load-Deformation Response 
The tensile capacity of specimen CS14 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 5 in. (127 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width was approximately 0.06 in. (1.5 mm), which 
occurred at about 1.09% normalized axial displacement in tension. 
4.14.2. Damage Progression 
This section presents observed and measured major damage states for specimen CS14, as denoted 
in Table 4.26. Further photos showing the damage progression for specimen CS14 can be found in 
Appendix B. Photogrammetry results become erroneous following the crushing damage state due to 
significant core damage affecting the target locations. 
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Table 4.26: Major Damage States for Specimen CS14 
Norm. Axial 
Disp. 
Damage 
0.30% Spalling at top with continued vertical cracking 
-0.50% Tensile yielding of longitudinal reinforcement 
0.68% Core crushing at top of specimen 
1.83% Bar buckling near top of specimen 
1.83% 90o bend failure in crossties at crush zone 
 
The onset of spalling occurred near the top and left end (as viewed from the rear) of the specimen 
at approximately 0.30% normalized axial displacement, as noted on Figure 4.85. The spalling appears 
to be due to propagating and enlarging vertical cracks near the top of the specimen. The strain 
distribution at spalling indicates more significant compressive strains (about 0.5%) in the left top 
corner of the specimen, as opposed to the top right. This strain distribution is consistent with the 
observed damage at spalling. Figure 4.86(a) shows the observed spalling damage at the top of the 
specimen, and Figure 4.87(a) shows the compressive strain over the height of the specimen at spalling 
as measured by the surface target photogrammetry. 
Core crushing occurred at approximately 0.68% normalized axial displacement in compression at 
approximately 6 in. (152 mm) below the top of the specimen, as noted on Figure 4.85. The strain 
distribution becomes more uniform at the crushing damage state, again consistent with the observed 
damage; peak compressive strain at this damage state is approximately 0.8%. Figure 4.86(b) shows the 
observed core crushing damage at the top of the specimen, and Figure 4.87(b) shows the compressive 
strain over the height of the specimen at core crushing as measured by the surface target 
photogrammetry. 
Specimen CS14 experienced bar buckling of the first interior bar from the left (as viewed from the 
rear) on the rear face at approximately 1.83% normalized axial displacement in compression in the 
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same region as core crushing, as noted on Figure 4.85. Figure 4.86(c) specimen at the buckling damage 
state. 
As bar buckling began (at approximately 1.83% normalized axial displacement in compression), 
the 90o bends of the crossties near the core crushing zone bent out and were no longer considered to 
be contributing to confinement.  Figure 4.88 shows the crosstie failure. 
 
(Δ/hw = 0.30%) 
 
(Δ/hw = 0.68%) 
 
(Δ/hw = 1.83%) 
(a) (b) (c) 
Figure 4.86: Specimen CS14 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling/Crosstie Failure 
 
(Δ/hw = 0.30%) 
 
(Δ/hw = 0.68%) 
(a) (b) 
Figure 4.87: Specimen CS14 Measured Compression Strain: (a) Spalling, and (b) Core crushing (%) 
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Figure 4.88. Crosstie Failure in Specimen CS14 (Δ/hw = 1.83%) 
4.14.3. Out-of-Plane Deformation 
The out-of-plane deformation progression of specimen CS14 is shown in Figure 4.89. The 
maximum measured out-of-plane deformation, as normalized by the height of the specimen, was 
located approximately 28 in. (711 mm) from the base of the specimen, and was calculate as 0.20%. 
0.30%, and 0.52% at the spalling, core crushing, and bar buckling damage states. In this specimen, as 
compared with Specimens CS10 and CS11, the crosstie failure state and buckling failure state occurred 
simultaneously; this may be due to specimens CS10 and CS11 having six (6) remaining restrained 
longitudinal bars following crosstie failure, where this specimen had only four (4) (in the corners). 
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Figure 4.89: Out-of-Plane Deformation Progression in Specimen CS14 
4.14.4. Strain Gauge Measurements 
The maximum measured longitudinal reinforcing steel strain in each curtain at the middle-height 
of specimen CS14 was 0.13% in compression, nearly half of the reinforcement yield strain. Available 
measurements are reported in Figure 4.90, which compares the longitudinal reinforcing steel strain at 
spalling at each location along the height on each curtain (front and rear). The longitudinal reinforcing 
steel strain was relatively even in each curtain, indicating uniform loading. Although the strain gauges 
generally failed as the specimen reached its peak, it is not likely that the stress increased substantially 
in the longitudinal steel following this point. 
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Figure 4.90: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.32%) in Specimen CS14 (%) 
Figure 4.91 shows the expansive pressure in specimen CS14, measured in both the major and 
minor axes at the top, middle, and bottom of the specimen. Note that the strain gauge located on the 
minor axis at mid-height of the specimen failed prior to testing, and therefore data is not available at 
that point. The measured expansive pressure at the top and bottom of the specimen along the minor 
axis was significantly higher than that of the major axis. This variance indicates a lack of passive 
confinement along the major axis. The demand profile indicates similar levels of compressive strain 
at the top and bottom of the specimen during the spalling stage. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
measured value from the strain gauge may have been a minimum. This would result in an 
underestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
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Figure 4.91: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.32%) of Specimen CS14 (psi) 
4.15. Specimen CS15 
Specimen CS15 was detailed using the SBE detail classification with a combination of rectilinear 
closed hoops and standard 90o-135o crossties.  A cross-section as-built drawing of specimen CS15 is 
shown in Figure 4.92. Specimen CS15 was tested using a monotonic loading protocol. 
 
Figure 4.92: Specimen CS15 Cross-Section As-Built 
4.15.1. Load-Deformation 
The load-deformation response of specimen CS14 is shown in Figure 4.93; the displacement 
history is shown in Table 4.27. Specimen CS14 was loaded monotonically to a normalized 
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displacement ratio of 4.08%. Note that data acquisition pauses (as described in Chapter 3) are made 
at normalized axial displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, 
and 0.25% intervals thereafter; Table 4.27 is a representative set of loading steps as measured by 
instrumentation, and for efficiency and clarity does not include every pause. The dips in load 
throughout the response are concurrent with the loading pauses; as shown, as soon as loading resumes 
the load returns to its previous position prior to the pause. The maximum compression (“compressive 
capacity”) of 457 kip occurred at approximately 0.31% normalized axial displacement. The predicted 
design compressive capacity (0.85*fc’*Aconc + fy*As) was 724 kip, however considering the measured 
strain in the longitudinal steel (reported later in this section), the expected peak load was 594 kip. 
Table 4.27: Displacement Loading History for Specimen CS15 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.07 (1.8) 0.18% 0.15 (3.8) 
0.10 (2.5) 0.25% 0.15 (3.8) 
0.14 (3.6) 0.35% 0.15 (3.8) 
0.18 (4.6) 0.45% 0.15 (3.8) 
0.29 (7.4) 0.73% 0.15 (3.8) 
0.39 (9.9) 0.98% 0.15 (3.8) 
0.58 (14.7) 1.45% 0.15 (3.8) 
0.81 (20.6) 2.03% 0.15 (3.8) 
1.14 (29.0) 2.85% 0.15 (3.8) 
1.44 (36.6) 3.60% 0.15 (3.8) 
1.63 (41.4) 4.08% 0.15 (3.8) 
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Figure 4.93: Specimen CS15 Load-Deformation Response 
4.15.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS15, as 
denoted in Table 4.28. Further photos showing the damage progression for specimen CS15 can be 
found in Appendix B. Photogrammetry results become erroneous following the bar buckling damage 
state due to significant core damage affecting the target locations. 
Table 4.28: Major Damage States for Specimen CS15 
Norm. Axial 
Disp. 
Damage 
0.35% Spalling at top with continued vertical cracking 
0.73% Core crushing at top of specimen 
1.45% Bar buckling near top of specimen 
2.03% 90o bend failure in crossties at crush zone 
 
The onset of spalling occurred near the top of the specimen at approximately 0.35% normalized 
axial displacement, as noted on Figure 4.93. The spalling appears to be due to propagating and 
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enlarging vertical cracks near the top of the specimen. The strain distribution at spalling was relatively 
uniform, with a peak compressive strain of about 0.8% near the top of the specimen. Figure 4.94(a) 
shows the observed spalling damage at the top of the specimen, and Figure 4.95(a) shows the 
compressive strain over the height of the specimen at spalling as measured by the surface target 
photogrammetry. 
Core crushing occurred at approximately 0.73% normalized axial displacement in compression at 
approximately 6 in. (152 mm) below the top of the specimen, as noted on Figure 4.93. The strain 
distribution at spalling was relatively uniform, with a peak compressive strain of about 5.0% near the 
top of the specimen. Figure 4.94(b) shows the observed core crushing damage at the top of the 
specimen, and Figure 4.95(b) shows the compressive strain over the height of the specimen at core 
crushing as measured by the surface target photogrammetry. 
Specimen CS15 experienced bar buckling of the first interior bar from the left (as viewed from the 
rear) on the rear face at approximately 1.45% normalized axial displacement in compression in the 
same region as core crushing, as noted on Figure 4.93. The strain distribution at spalling was relatively 
uniform, with a peak compressive strain of about 8.0% near the top of the specimen. Figure 4.94(c) 
specimen at the bar buckling damage state, and Figure 4.95(c) shows the compressive strain over the 
height of the specimen at bar buckling as measured by the surface target photogrammetry. 
As bar buckling began (at approximately 2.03% normalized axial displacement in compression), 
the 90o bends of the crossties near the core crushing zone bent out and were no longer considered to 
be contributing to confinement.  Figure 4.94(d) shows the specimen at the crosstie failure damage 
state, and Figure 4.96 shows the crosstie failure. 
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(Δ/hw = 0.35%) 
 
(Δ/hw = 0.73%) 
 
(Δ/hw = 1.45%) 
 
(Δ/hw = 2.03%) 
(a) (b) (c) (d) 
Figure 4.94: Specimen CS15 Damage Progression: (a) Spalling, (b) Core Crushing, (c) Buckling, and (d) Crosstie Failure 
 
(Δ/hw = 0.35%) 
 
(Δ/hw = 0.73%) 
 
(Δ/hw = 1.45%) 
(a) (b) (c) 
Figure 4.95: Specimen CS15 Measured Compression Strain: (a) Spalling, (b) Core Crushing, and (c) Buckling (%) 
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Figure 4.96. Crosstie Failure in Specimen CS15 (Δ/hw = 2.03%) 
4.15.3. Out-of-Plane Deformation 
The out-of-plane deformation progression of specimen CS15 is shown in Figure 4.97. The 
maximum measured out-of-plane deformation, as normalized by the height of the specimen, was 
located approximately 28 in. (711 mm) from the base of the specimen. At all indicated damage states, 
the magnitude of the out-of-plane deformation was less than 0.25%, indicating little, if any, sectional 
buckling throughout duration of the test. Note that throughout the test, the out-of-plane deformation 
remained similar to that experienced during the initial loading cycles, indicating little to no significant 
out-of-plane movement. 
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Figure 4.97: Out-of-Plane Deformation Progression in Specimen CS15 
4.15.4. Strain Gauge Measurements 
The maximum measured longitudinal reinforcing steel strain in each curtain at the middle-height 
of specimen CS15 was 0.14% in compression, nearly half of the reinforcement yield strain. Available 
measurements are reported in Figure 4.98, which compares the longitudinal reinforcing steel strain at 
spalling at each location along the height on each curtain (front and rear). The maximum compressive 
strain in the longitudinal bars was higher in the front curtain than that of the rear, indicating the 
possibility of slight eccentricity in loading. Although the strain gauges generally failed as the specimen 
reached its peak, it is not likely that the stress increased substantially in the longitudinal steel following 
this point. 
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Figure 4.98: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.31%) in Specimen CS15 (%) 
Figure 4.99 shows the expansive pressure in specimen CS15, measured in both the major and 
minor axes at the top, middle, and bottom of the specimen. The measured expansive pressure at the 
top and bottom of the specimen along the minor axis was significantly higher than that of the major 
axis. This variance indicates a lack of passive confinement along the major axis. The demand profile 
indicates a somewhat larger compressive strain at the top of the specimen at the spalling damage stage, 
with little demand at mid-height. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
measured value from the strain gauge may have been a minimum. This would result in an 
underestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
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Figure 4.99: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.31%) of Specimen CS15 (psi) 
4.16. Specimen CS16 
Specimen CS16 was detailed using the xSBE detail classification with a combination of rectilinear 
closed hoops and standard 135o-135o crossties. A cross-section as-built drawing of specimen CS16 is 
shown in Figure 4.100. Specimen CS16 was tested using a reversed-cyclic loading protocol. 
 
Figure 4.100: Specimen CS16 Cross-Section As-Built 
4.16.1. Load-Deformation 
The load-deformation response of specimen CS16 is shown in Figure 4.101; the displacement 
history is shown in Table 4.29. Specimen CS16 was loaded cyclically to a normalized axial displacement 
469
162
117
892
267
880
88
616
Top
Middle
Bottom
Major Axis Expansion Guage Minor Axis
232 
 
of 2.40%, at which point it became clear that the rebar couplers were slipping at the top of the 
specimen. The specimen was loaded in monotonic compression to failure after the second cycle to 
2.40% normalized axial displacement to avoid any tension failures. The maximum compression 
(“compressive capacity”) of 617 kip occurred at approximately 0.67% normalized axial displacement. 
The predicted design compressive capacity (0.85*fc’*Aconc + fy*As) was 806 kip, however considering 
the measured strain in the longitudinal steel (reported later in this section), the expected peak load was 
708 kip. 
Table 4.29: Displacement Loading History for Specimen C16 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.06 (1.5) 0.15% 1-2 0.10 (2.5) 
0.09 (2.3) 0.23% 3-4 0.25 (6.4) 
0.26 (6.6) 0.65% 5-6 0.25 (6.4) 
0.63 (16.0) 1.58% 7-8 0.25 (6.4) 
0.81 (20.6) 2.03% 9-10 0.50 (12.7) 
0.96 (24.4) 2.40% 11-12 0.50 (12.7) 
1.29 (32.8) 3.23% 13 0.50 (12.7) 
2.68 (68.1) 6.70% 12 0.50 (12.7) 
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Figure 4.101: Specimen CS16 Load-Deformation Response 
The tensile capacity of specimen CS16 was concurrent with the expected yield strength of the 
longitudinal reinforcement, however apparent coupler slippage resulted in a reduction in tensile 
capacity starting at approximately 0.60% normalized axial displacement in tension. 
The crack spacing varied between approximately 2.5 in. (63.5 mm) and 5 in. (126 mm) along the 
height of the specimen, concurrent with the transverse reinforcement spacing. The maximum crack 
width was approximately 0.05 in. (1.27 mm), which occurred at about 2.40% normalized axial 
displacement in tension. The small crack widths are concurrent with the smaller tensile strains 
experienced by the specimen due to the abbreviated cyclic loading protocol and coupler failures. 
4.16.2. Damage Progression 
The section presents the observed damage progression in specimen CS16, as denoted in Table 
4.30. Further photos showing the damage progression for specimen CS16 can be found in Appendix 
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B. Photogrammetry results become erroneous following the bar buckling damage state due to 
significant core damage affecting the target locations. 
Table 4.30: Major Damage States for Specimen CS16 
Norm. Axial 
Disp. 
Damage 
0.23% Spalling at top with continued vertical cracking 
-0.50% Tensile yielding of longitudinal reinforcement 
-0.85% Reinforcement coupler failure 
1.58% Core crushing at top of specimen 
2.25% Bar buckling near top of specimen 
3.23% 135o bend failure in crossties at crush zone 
 
Spalling occurred relatively uniformly near the specimen (as viewed from the rear), at 
approximately 0.23% normalized axial displacement. Spalling damage appears to be the result of 
propagating vertical cracks near the top of the specimen. The strain distribution at spalling indicates 
more compressive strain in the middle of the specimen as opposed to the top and bottom, however 
the peak strain is only about 0.2%.  Figure 4.102(a) shows the observed spalling damage at the top of 
the specimen, and Figure 4.103(a) shows the compressive strain over the height of the specimen at 
spalling as measured by the cored target photogrammetry. 
Core crushing occurred along a horizontal plane nearly 6 in. (152 mm) below the top of the 
specimen at approximately 1.58% normalized axial displacement. Crushing occurred coincident with 
more significant spalling, reducing the cross-sectional area of concrete within the reinforcement cage. 
The strain distribution at crushing appears to be focused in the upper right corner, indicating 
somewhat non-uniform loading. The peak compressive strain at the top of the specimen was 
approximately 4.0%. Figure 4.102(b) shows the observed core crushing damage at the top of the 
specimen, and Figure 4.103(b) shows the compressive strain over the height of the specimen at core 
crushing as measured by the cored target photogrammetry. 
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Bar buckling occurred in the region of core crushing at approximately 2.25% normalized axial 
displacement, coincident with initial strength loss. Interior longitudinal bars that were restrained by 
135o-135o seemed most susceptible to buckling, as compared with the corner bars that were restrained 
with a rectilinear hoop. The strain distribution at bar buckling was similar to that at the crushing 
damage state, however the peak measured compressive strain was approximately 7%. Figure 4.102(c) 
shows specimen at the buckling damage state, and Figure 4.103(c) shows the compressive strain over 
the height of the specimen at bar buckling as measured by the surface target photogrammetry. 
Observable crosstie failure occurred in the crushing and bar buckling zone at approximately 
3.23%, well beyond initial strength loss. At this point, the crosstie hooks began to straighten, and pull 
out of the core.  Figure 4.102(d) shows the specimen at the crosstie failure damage state, and Figure 
4.104 shows the crosstie failure. 
 
(Δ/hw = 0.23%) 
 
(Δ/hw = 1.58%) 
 
(Δ/hw = 2.25%) 
 
(Δ/hw = 3.23%) 
(a) (b) (c) (d) 
Figure 4.102: Specimen CS16 Damage Progression: (a) Spalling, (b) Core Crushing, (c) Buckling, and (d) Crosstie Failure 
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(Δ/hw = 0.23%) 
 
(Δ/hw = 1.58%) 
 
(Δ/hw = 2.25%) 
(a) (b) (c) 
Figure 4.103: Specimen CS16 Measured Compression Strain: (a) Spalling, (b) Core crushing, and (c) Buckling (%) 
 
Figure 4.104. Crosstie Failure in Specimen CS16 (Δ/hw = 3.23%) 
4.16.3. Out-of-Plane Deformation 
Bar buckling occurred prior to any observable sectional buckling in specimen CS16. This behavior 
is shown in Figure 4.105, where significant out-of-plane deformation is only realized well into the 
displacement history coincident with crosstie failure. The specimen experienced out-of-plane 
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deformation in both directions throughout spalling, core crushing, and bar buckling, however the 
deformations were small. The out-of-plane deformation, as normalized by the height of the specimen, 
was approximately 0.3%, 0.3%, and 0.4% at spalling, core crushing, and buckling, respectively. As 
crosstie failure occurred, the specimen experienced a maximum out-of-plane deformation of 
approximately 3.2%. 
 
Figure 4.105: Out-of-Plane Deformation Progression in Specimen CS16 
4.16.4. Strain Gauge Measurements 
The maximum measured longitudinal reinforcing steel strain in each curtain at the middle-height 
of specimen CS16 was 0.15% in compression, nearly half of the reinforcement yield strain. Available 
measurements are reported in Figure 4.106, which also compares the longitudinal reinforcing steel 
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strain at spalling at each location along the height on each curtain (front and rear). Note that only the 
gauges that were installed at the top and middle of the rear curtain were functional prior to testing. 
Although the strain gauges generally failed as the specimen reached its peak, it is not likely that the 
stress increased substantially in the longitudinal steel following this point. 
 
Figure 4.106: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.23%) in Specimen CS16 (%) 
Figure 4.107 shows the expansive pressure in specimen CS10, measured in both the major and 
minor axes at the top, middle, and bottom of the specimen. The measured expansive pressure at the 
top and bottom of the specimen along the major axis was less than that of the minor axis; the values 
are relatively similar in the middle of the specimen. The variance in expansive pressure at the top of 
the specimen (in the damage zone) indicates a higher level of passive confinement along the minor 
axis that that of the major axis, indicated weaker detailing in that direction. The expansive pressure 
corresponds well with the observed damage over the height of the specimen, as discussed previously 
in this section. Note that the expansion gauges were installed incorrectly on this specimen, and 
therefore reliable data was not available. 
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Figure 4.107: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.23%) of Specimen CS16 (psi) 
4.17. Specimen CS17 
Specimen CS17 was detailed using the xSBE detail classification with a combination of rectilinear 
closed hoops and standard 135o-135o crossties. A cross-section as-built drawing of specimen CS17 is 
shown in Figure 4.108. Specimen CS17 was tested using a reversed-cyclic loading protocol. 
 
Figure 4.108: Specimen CS17 Cross-Section As-Built 
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4.17.1. Load-Deformation 
The load-deformation response of specimen CS17 is shown in Figure 4.109; the displacement 
history is shown in Table 4.31. Specimen CS17 was loaded cyclically to a normalized axial displacement 
of 1.93%. Residual compressive strength remained at this point, and therefore the specimen was 
loaded monotonically to failure. The maximum compression (“compressive capacity”) of 666 kip 
occurred at approximately 0.36% normalized axial displacement. The predicted design compressive 
capacity (0.85*fc’*Aconc + fy*As) was 806 kip, however considering the measured strain in the longitudinal 
steel (reported later in this section), the expected peak load was 667 kip. 
Table 4.31: Displacement Loading History for Specimen CS17 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Cycles 
Load Rate, 
in.(mm)/min. 
0.04 (1.0) 0.10% 1-2 0.10 (2.5) 
0.07 (1.8) 0.18% 3-4 0.25 (6.4) 
0.14 (3.6) 0.35% 5-6 0.25 (6.4) 
0.35 (8.9) 0.88% 7-8 0.25 (6.4) 
0.77 (19.6) 1.93% 9-10 0.50 (12.7) 
1.79 (45.5) 4.48% 11 0.50 (12.7) 
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Figure 4.109: Specimen CS17 Load-Deformation Response 
The tensile capacity of specimen CS17 was concurrent with the expected yield strength of the 
longitudinal reinforcement, indicating little contribution of concrete in tension. The crack spacing was 
approximately 5 in. (127 mm) along the height of the specimen, concurrent with the transverse 
reinforcement spacing. The maximum crack width was approximately 0.09 in. (2.4 mm), which 
occurred at about 2.47% normalized axial displacement in tension. 
4.17.2. Damage Progression 
This section presents observed and measured major damage states for specimen CS17, as denoted 
in Table 4.32. Further photos showing the damage progression for specimen CS17 can be found in 
Appendix B. 
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Table 4.32: Major Damage States for Specimen CS17 
Norm. Axial 
Disp. 
Damage 
0.35% Spalling at top and bottom of specimen 
-0.42% Tensile yielding of longitudinal reinforcement 
1.25% Core crushing at top of specimen 
2.15% Bar buckling near top of specimen 
 
Spalling occurred relatively uniformly near the top of the specimen at approximately 0.35% 
normalized axial displacement. Some spalling was also observed in the bottom left corner (viewed 
from the rear) of the specimen. Spalling damage appears to be the result of propagating vertical cracks 
near the top of the specimen. The strain distribution was relatively uniform, focused at the top of the 
specimen. The peak measured compressive strain was just over 2% at spalling. Figure 4.110(a) shows 
the observed spalling damage at the top of the specimen, and Figure 4.111(a) shows the compressive 
strain over the height of the specimen at spalling as measured by the cored target photogrammetry.  
Core crushing occurred along a horizontal plane nearly 3 in. (76 mm) below the top of the 
specimen at approximately 1.25% normalized axial displacement. The crushing failure followed 
significant spalling in the damage region resulting in a reduced cross-sectional area bounded by the 
reinforcement cage. At crushing, the strain distribution remained relatively uniform, across the length 
of the specimen, with a peak compressive strain of approximately 10% at the top of the specimen. 
Figure 4.110(b) shows the observed core crushing damage at the top of the specimen, and Figure 
4.111(b) shows the compressive strain over the height of the specimen at core crushing as measured 
by the cored target photogrammetry. 
Bar buckling occurred in the damage region in both corner and intermediate longitudinal bars at 
approximately 2.15% normalized axial displacement, followed by sharp strength loss. Bar buckling 
was complimented by significant bending in the peripheral hoop at intermediate longitudinal bar 
locations, indicating interior hoop and crosstie did not provide significant bar buckling resistance. 
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Crosstie failure was not observed in specimen CS17. The peak measured compressive strain did not 
significantly increase near the top of the specimen (about 11%), however the compressive strain did 
appear to become more focused at the top of the specimen. Figure 4.110(c) the specimen at the bar 
buckling damage state, and Figure 4.111(c) shows the compressive strain over the height of the 
specimen at bar buckling as measured by the cored target photogrammetry. Figure 4.112 shows the 
bar buckling failure. 
 
(Δ/hw = 0.35%) 
 
(Δ/hw = 1.25%) 
 
(Δ/hw = 2.15%) 
(a) (b) (c) 
Figure 4.110: Specimen CS17 Damage Progression: (a) Spalling, (b) Core Crushing, and (c) Buckling 
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(Δ/hw = 0.35%) 
 
(Δ/hw = 1.25%) 
 
(Δ/hw = 2.15%) 
(a) (b) (c) 
Figure 4.111: Specimen CS17 Measured Compression Strain: (a) Spalling, (b) Core crushing, and (c) Buckling 
 
Figure 4.112. Bar Buckling in Specimen CS17 Δ/hw = 2.15%) 
4.17.3. Out-of-Plane Deformation 
Bar buckling occurred prior to observable sectional buckling in specimen CS17, however a large 
percentage of the bars buckled simultaneously causing noticeable out-of-plane deformations. The out-
of-plane deformation at the spalling and core crushing damage states were small, approximately 0.5% 
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and 0.3% normalized by the specimen height, respectively. As bar buckling occurred and progressed, 
a maximum out-of-plane deformation of approximately 1.3% was measured. Figure 4.113 shows the 
out-of-plane deformation at major damage states. 
 
Figure 4.113: Out-of-Plane Deformation in Specimen CS17 
4.17.4. Strain Gauge Measurements 
The longitudinal reinforcing steel strain at spalling at the bottom of the specimen was higher than 
that measured near the middle; in fact the strain at the bottom was nearly at the yield strain. This was 
likely the result of contact between the bottom loading platens at the reinforcement couplers, causing 
significant load transfer. Note that only the gauges that were installed at the bottom and middle of the 
rear curtain were functional prior to testing; available measurements are reported in Figure 4.114. 
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Although the strain gauges generally failed as the specimen reached its peak, it is not likely that the 
stress increased substantially in the longitudinal steel following this point. 
 
Figure 4.114: Longitudinal reinforcing steel strain at Spalling (Δ/hw = 0.36%) in Specimen CS17 (%) 
All but one strain gauge on the transverse reinforcement were damaged prior to testing, although 
the cause is unknown.  It is possible that the bundle of lead wires near the top of the specimen was 
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mechanically damaged at some point during casting. However, at least along the major axis, the 
expansive pressure data, as measured by the expansion gauges, is available, as shown in Figure 4.115. 
As shown, the expansive pressure was higher at the top of the specimen as compared with the 
bottom of the specimen; this was representative of the damage concentration near the top of the 
specimen. 
 
Figure 4.115. Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.36%) of Specimen CS17 (psi) 
4.18. Specimen CS18 
Specimen CS18 was detailed using the OBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS18 is shown in Figure 4.116. Note that 
longitudinal reinforcement was not installed in this specimen. Specimen CS18 was tested using a 
monotonic loading protocol. 
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Figure 4.116: Specimen CS18 Cross-Section As-Built 
4.18.1. Load-Deformation 
The load-deformation response of specimen CS18 is shown in Figure 4.117; the displacement 
history is shown in Table 4.33. Specimen CS18 was loaded monotonically to a normalized 
displacement ratio of 2.10%. Note that data acquisition pauses (as described in Chapter 3) are made 
at normalized axial displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, 
and 0.25% intervals thereafter; Table 4.33 is a representative set of loading steps as measured by 
instrumentation, and for efficiency and clarity does not include every pause. The dips in load 
throughout the response are concurrent with the loading pauses; as shown, as soon as loading resumes 
the load returns to its previous position prior to the pause. The maximum compression (“compressive 
capacity”) of 446 kip occurred at approximately 0.28% normalized axial displacement. The predicted 
design compressive capacity (0.85*fc’*Aconc) was 588 kip. 
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Table 4.33: Displacement Loading History for Specimen CS18 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.05 (1.3) 0.13% 0.15 (3.8) 
0.07 (1.8) 0.18% 0.15 (3.8) 
0.12 (3.0) 0.30% 0.15 (3.8) 
0.24 (6.1) 0.60% 0.15 (3.8) 
0.37 (9.4) 0.93% 0.15 (3.8) 
0.56 (14.2) 1.40% 0.15 (3.8) 
0.84 (21.3) 2.10% 0.15 (3.8) 
 
 
Figure 4.117: Specimen CS18 Load-Deformation Response 
4.18.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS18, as 
denoted in Table 4.34. Further photos showing the damage progression for specimen CS18 can be 
found in Appendix B. 
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Table 4.34: Major Damage States for Specimen CS18 
Norm. Axial 
Disp. 
Damage 
0.28% Spalling at top with continued vertical cracking 
0.39% Diagonal core crushing at top of specimen 
 
Spalling occurred near the top right of the specimen (as viewed from the rear), at approximately 
0.28% normalized axial displacement. In addition, a region near the top left of the specimen was 
developing a significant spall, although it had not come loose from the specimen core. Spalling damage 
appears to be the result of propagating vertical and diagonal cracking. The strain distribution was 
focused just below the mid-height of the specimen at spalling, with a peak compressive strain of 
approximately 0.2%. Figure 4.118(a) shows the observed spalling damage at the top of the specimen, 
and Figure 4.119(a) shows the compressive strain over the height of the specimen at spalling as 
measured by the cored target photogrammetry. 
Core crushing occurred along a diagonal plane, spanning from the top left to mid-height on the 
right end (as viewed from the rear). The crushing failure occurred relatively suddenly, and was 
consistent with a sharp loss of strength. At crushing the majority of the compressive strain was located 
at the top left of the specimen, which is indicative of the observed damage. The peak strain at crushing 
was approximately 2.0%. Figure 4.118(b) shows the observed core crushing damage at the top of the 
specimen, and Figure 4.119(b) shows the compressive strain over the height of the specimen at core 
crushing as measured by the surface target photogrammetry. 
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(Δ/hw = 0.28%) 
 
(Δ/hw = 0.39%) 
(a) (b) 
Figure 4.118: Specimen CS18 Damage Progression: (a) Spalling and (b) Core Crushing 
 
(Δ/hw = 0.28%) 
 
(Δ/hw = 0.39%) 
(a) (b) 
Figure 4.119: Specimen CS18 Measured Compression Strain: (a) Spalling and (b) Core Crushing (%) 
4.18.3. Out-of-Plane Deformation 
Little out-of-plane deformation was observed or measured in specimen CS18. The magnitude of 
out-of-plane deformation, as normalized by the specimen height, was 0.2% and 0.4% at the spalling 
and core crushing damage states, respectively. Figure 4.120 shows the out-of-plane deformation 
profile at the major damage states. 
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Figure 4.120: Out-of-Plane Deformation Progression in Specimen CS18 
4.18.4. Strain Gauge Measurements 
Specimen CS18 was constructed without longitudinal reinforcement, and therefore longitudinal 
reinforcing steel strain data is not available. Figure 4.121 shows the expansive pressure for specimen 
CS18, measured in the major and minor axes at the top, middle, and bottom of the specimen. The 
measured expansive pressure was similar in both axes throughout the specimen, except at the bottom 
where the pressure along the major axis was significantly less than that of the minor axis. The results 
indicate that the passive confining pressure was similar in the damage region in each axis; confinement 
was much higher along the minor axis in non-damaged regions. The expansive pressure along the 
major axis, as measured by the expansive gauges, was similar to that of the strain gauges. 
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Figure 4.121: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.28%) of Specimen CS18 (psi) 
4.19. Specimen CS19 
Specimen CS19 was detailed using the SBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS19 is shown in Figure 4.122. Note that 
longitudinal reinforcement was not installed in this specimen. Specimen CS19 was tested using a 
monotonic loading protocol. 
 
Figure 4.122: Specimen CS19 Cross-Section As-Built 
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4.19.1. Load-Deformation 
The load-deformation response of specimen CS19 is shown in Figure 4.123; the displacement 
history is shown in Table 4.35. Specimen CS19 was loaded monotonically to a normalized 
displacement ratio of 4.08%. Note that data acquisition pauses (as described in Chapter 3) are made 
at normalized axial displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, 
and 0.25% intervals thereafter; Table 4.35 is a representative set of loading steps as measured by 
instrumentation, and for efficiency and clarity does not include every pause. The dips in load 
throughout the response are concurrent with the loading pauses; as shown, as soon as loading resumes 
the load returns to its previous position prior to the pause. The maximum compression (“compressive 
capacity”) of 536 kip occurred at approximately 0.51% normalized axial displacement. The predicted 
design compressive capacity (0.85*fc’*Aconc) was 588 kip. 
Table 4.35: Displacement Loading History for Specimen CS19 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.07 (1.8) 0.18% 0.15 (3.8) 
0.11 (2.8) 0.28% 0.15 (3.8) 
0.23 (5.8) 0.58% 0.15 (3.8) 
0.41 (10.4) 1.03% 0.15 (3.8) 
0.61 (15.5) 1.53% 0.15 (3.8) 
0.78 (19.8) 1.95% 0.15 (3.8) 
0.98 (24.9) 2.45% 0.15 (3.8) 
1.20 (30.5) 3.00% 0.15 (3.8) 
1.63 (41.4) 4.08% 0.15 (3.8) 
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Figure 4.123: Specimen CS19 Load-Deformation Response 
4.19.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS19, as 
denoted in Table 4.36. Further photos showing the damage progression for specimen CS19 can be 
found in Appendix B. 
Table 4.36: Major Damage States for Specimen CS19 
Norm. Axial 
Disp. 
Damage 
0.41% Spalling at top with continued vertical cracking 
1.53% Core crushing at bottom of specimen 
 
Spalling occurred first near the top right of the specimen (as viewed from the rear) at 
approximately 0.41% normalized axial displacement. Spalling damage appeared to be the result of 
propagating vertical cracking. Spalling near the bottom of the specimen quickly followed, due to 
similar crack propagation near the bottom of the specimen. At spalling, the majority of the 
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compressive strain was near the bottom right of the specimen, with a peak of approximately 0.5%. 
This is somewhat counterintuitive considering the observed spalling damage at the top of the 
specimen, however as spalling occurred, the first signs of the diagonal crushing plane (described 
below) were observable which may account for the strain concentration near the bottom. Figure 
4.124(a) shows the observed spalling damage at the top of the specimen, and Figure 4.125(a) shows 
the compressive strain over the height of the specimen at spalling as measured by the cored target 
photogrammetry. 
Core crushing occurred near the bottom of the specimen, along a diagonal plane oriented through 
the thickness, at approximately 1.52% normalized axial displacement. The crushing failure occurred 
relatively suddenly, and was consistent with a sharp loss of strength. At crushing, nearly all of the 
significant compressive strain was located at the bottom of the specimen, consisted with the observed 
damage. The peak strain was approximately 11% at the bottom of the specimen. Figure 4.124(b) shows 
the observed core crushing damage at the top of the specimen, and Figure 4.125(b) shows the 
compressive strain over the height of the specimen at core crushing as measured by the surface target 
photogrammetry. 
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(Δ/hw = 0.41%) 
 
(Δ/hw = 1.53%) 
(a) (b) 
Figure 4.124: Specimen CS19 Damage Progression: (a) Spalling and (b) Core Crushing 
 
(Δ/hw = 0.41%) 
 
(Δ/hw = 1.53%) 
(a) (b) 
Figure 4.125: Specimen CS19 Measured Compression Strain: (a) Spalling and (b) Core Crushing (%) 
4.19.3. Out-of-Plane Deformation 
Little out-of-plane deformation was observed or measured in specimen CS19. The magnitude of 
out-of-plane deformation, as normalized by the specimen height, was 0.4% and 0.6% at the spalling 
and core crushing damage states, respectively. Figure 4.126 shows the out-of-plane deformation 
profile at the major damage states. 
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Figure 4.126: Out-of-Plane Deformation Progression in Specimen CS19 
4.19.4. Strain Gauge Measurements 
Specimen CS19 was constructed without longitudinal reinforcement, and therefore longitudinal 
reinforcing steel strain data is not available. Figure 4.127 shows the expansive pressure for specimen 
CS19, measured in the major and minor axes at the top, middle, and bottom of the specimen. The 
measured expansive pressure was similar in both axes throughout the specimen and at a maximum 
near the bottom of the specimen where the majority of the damage was located. The results indicate 
similar passive confining behavior in each axis. The expansive pressure along the major axis, as 
measured by the expansive gauges, was similar to that of the strain gauges. 
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Figure 4.127: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.39%) of Specimen CS19 (psi) 
4.20. Specimen CS20 
Specimen CS20 was detailed using the xSBE detail classification with overlapping rectilinear closed 
hoops. A cross-section as-built drawing of specimen CS20 is shown in Figure 4.128. Note that 
longitudinal reinforcement was not installed in this specimen. Specimen CS20 was tested using a 
monotonic loading protocol. 
 
Figure 4.128: Specimen CS20 Cross-Section As-Built 
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4.20.1. Load-Deformation 
The load-deformation response of specimen CS20 is shown in Figure 4.129; the displacement 
history is shown in Table 4.37. Specimen CS20 was loaded monotonically to a normalized 
displacement ratio of 3.13%. Note that data acquisition pauses (as described in Chapter 3) are made 
at normalized axial displacement (as applied by the MTS actuator) intervals of 0.10% up to 1.00%, 
and 0.25% intervals thereafter; Table 4.37 is a representative set of loading steps as measured by 
instrumentation, and for efficiency and clarity does not include every pause. The dips in load 
throughout the response are concurrent with the loading pauses; as shown, as soon as loading resumes 
the load returns to its previous position prior to the pause.  
The maximum compression (“compressive capacity”) of 549 kip occurred at approximately 0.48% 
normalized axial displacement. The predicted design compressive capacity (0.85*fc’*Aconc) was 588 kip. 
Note that the load-carrying capacity dropped significantly after reaching the compressive capacity, in 
contrast to the load-carrying plateaus exhibited by specimens CS6 and CS7 (similar to this specimen, 
but with longitudinal reinforcement). 
Table 4.37: Displacement Loading History for Specimen CS20 
Disp., in. (mm) 
Norm. Axial 
Disp. 
Load Rate, 
in.(mm)/min. 
0.07 (1.8) 0.18% 0.15 (3.8) 
0.12 (3.0) 0.30% 0.15 (3.8) 
0.23 (5.8) 0.58% 0.15 (3.8) 
0.40 (10.2) 1.00% 0.15 (3.8) 
0.56 (14.2) 1.40% 0.15 (3.8) 
0.73 (18.5) 1.83% 0.15 (3.8) 
0.90 (22.9) 2.25% 0.15 (3.8) 
1.06 (26.9) 2.65% 0.15 (3.8) 
1.25 (31.8) 3.13% 0.15 (3.8) 
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Figure 4.129: Specimen CS20 Load-Deformation Response 
4.20.2. Damage Progression 
This section presents the observed and measured major damage states for specimen CS20, as 
denoted in Table 4.38. Further photos showing the damage progression for specimen CS20 can be 
found in Appendix B. 
Table 4.38: Major Damage States for Specimen CS20 
Norm. Axial 
Disp. 
Damage 
0.48% Spalling at top with continued vertical cracking 
1.83% Core crushing at bottom of specimen 
 
Spalling occurred near the top of the specimen at approximately 0.48% normalized axial 
displacement. Spalling continued along the height of the specimen, eventually concentrating at the 
bottom of the specimen prior to core crushing. Spalling damage appears to be the result of propagating 
vertical and diagonal cracking. The compressive strain at spalling was focused just above mid-height 
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of the specimen with a peak of about 0.6%. The strain distribution indicates significant tensile strains 
(nearly 1.5%) near the bottom of the specimen, which is not likely representative of the actual strain 
distribution. The specimen experienced significant out-of-plane deformation at the bottom, which 
likely the reason the photogrammetry system registered tensile strains. Figure 4.130(a) shows the 
observed spalling damage at the top of the specimen, and Figure 4.131(a) shows the compressive strain 
over the height of the specimen at spalling as measured by the cored target photogrammetry. 
Core crushing occurred near the bottom of the specimen, along a diagonal plane oriented through 
the thickness, at approximately 1.83% normalized axial displacement. The crushing failure occurred 
along a smooth post-peak pattern, as shown in Figure 4.129. Similar to the spalling damage state, the 
compressive strain was focused above mid-height of the specimen with a peak of about 3%, however 
significant tensile strains were also reported at the bottom of the specimen, likely a result of the out-
of-plane deformation. Figure 4.130(b) shows the observed core crushing damage at the top of the 
specimen, and Figure 4.131(b) shows the compressive strain over the height of the specimen at core 
crushing as measured by the cored target photogrammetry. 
 
(Δ/hw = 0.48%) 
 
(Δ/hw = 1.83%) 
(a) (b) 
Figure 4.130: Specimen CS20 Damage Progression: (a) Spalling and (b) Core Crushing 
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(Δ/hw = 0.48%) 
 
(Δ/hw = 1.83%) 
(a) (b) 
Figure 4.131: Specimen CS20 Measured Compression Strain: (a) Spalling and (b) Core Crushing 
4.20.3. Out-of-Plane Deformation 
Measurements for the specific out-of-plane deformation were not available for specimen CS20 as 
the spalling damage was widespread along the face of the specimen where the grids were initially 
drawn. Therefore no reference points were available for use in photo tracking. However, the specimen 
deformed significantly out-of-plane near the damage zone over the course of testing. Figure 4.132 
shows the out-of-plane deformation at various milestones throughout the test. 
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(Δ/hw = 0.48%) 
 
(Δ/hw = 1.83%) 
 
(Δ/hw = 3.13%) 
(a) (b) (c) 
Figure 4.132: Specimen CS20 Out-of-Plane Deformation at (a) Spalling, (b) Core Crushing, and (c) Test Completion 
4.20.4. Strain Gauge Measurements 
Specimen CS20 was constructed without longitudinal reinforcement, and therefore longitudinal 
reinforcing steel strain data is not available. Figure 4.133 shows the expansive pressure for specimen 
CS20, measured in the major and minor axes at the top, middle, and bottom of the specimen. The 
measured expansive pressure was larger along the major axis than along the minor axis at the top and 
bottom of the specimen; the expansive pressure was similar in each axis at mid-height of the specimen. 
The results indicate superior passive confinement along the major axis. Similar expansive pressure 
throughout the height of the specimen indicates that the compressive strain was well-distributed. 
The expansive pressure along the major axis, as measured by the expansive gauges, significantly 
differed from the expansive pressure measured by the strain gauges. It is possible that certain 
transverse reinforcement legs (within a single set of hoops/ties) experienced varied strain, and the 
measured value from the strain gauge may have been a maximum. This would result in an 
overestimation of the expansive pressure, as the measured strain in the leg with the strain gauge was 
assumed to be constant in each leg. 
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Figure 4.133: Measured Expansive Pressure, σE, at Spalling (Δ/hw = 0.48%) of Specimen CS20 (psi) 
4.21. Observations and Trends in the Experimental Data 
The preceding sections summarized the body of experimental data collected throughout the 
experimental program. This section is a summary of the observed trends in the experimental data not 
specifically applicable to the comparisons and analysis discussed in Chapter 5. Trends in the post-peak 
response, damage progression, out-of-plane deformation, and expansive pressure are discussed in this 
section for each series of tests. Trends in peak stress and strain capacity are discussed in Chapter 5. 
The out-of-plane deformation is discussed in terms of the location and magnitude of the peak 
out-of-plane deformation in each specimen along the height. The maximum out-of-plane deformation 
is taken as the largest value while the specimen appears to maintain substantial load-carrying capacity. 
The maximum out-of-plane deformations observed throughout this testing program occurred well 
into the loading history, which indicates that the out-of-plane behavior was in fact a result of the 
damage progression, as opposed to being the cause of the damage progression. For this reason, it is 
unlikely that the specimens exhibited any significant P-delta effects. 
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The expansive pressure is reported in each direction, and the top, middle, and bottom of the 
specimen. The expansive pressure is a normalized value by nature, as it is essentially the stress in the 
transverse reinforcement times the transverse reinforcement ratio. 
The expansive pressure, as measured by the expansion gauges, was generally similar to that of the 
expansive pressure as measured by the single leg strain gauge (see Section 3.6.1). The value measured 
by the expansion gauge is likely more of an average value than that measured by the single leg strain 
gauge; the single leg strain value is extrapolated to each leg of a certain set of hoops/ties. In cases with 
more legs (such as the xSBE specimens) the single leg strain gauge expansive pressure was generally 
higher than the value measured by the expansion gauges, where the opposite was observed in 
specimens with few legs (such as the SBE specimens with a crosstie in the middle). This indicates a 
decrease in uniformity for strain in each of the transverse reinforcement legs as more legs are added. 
4.21.1. Series I: Boundary Element Detailing 
Table 4.39 is a comparison of the behavior of specimens of various boundary element detailing 
classifications (i.e., OBE, SBE, and xSBE) for monotonic tests with rectilinear hoops.  
The post-peak slope varied significantly with boundary element detailing classification. OBE 
specimens immediately began losing load-carrying capacity following the peak stress, while SBE and 
xSBE specimens exhibited some manner of plateau in load-carrying capacity following the peak stress. 
The xSBE specimens exhibited the longest maintenance of load-carrying capacity following the peak 
stress, reaching nearly 4% normalized axial displacement prior to losing load-carrying capacity. 
The damage progression was similar for the various types of boundary element detailing 
classifications. In general, spalling occurred approximately coincident with the peak stress, followed 
by crushing of the confined core and buckling of longitudinal reinforcement. The damage 
concentrations, however, differed between various detailing classifications. Spalling damage was 
limited to the top third of the specimen for the OBE and SBE specimens, while spalling was more 
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distributed in the xSBE specimens. Significant inelastic (crushing) damage appeared to be limited to 
the top third of the specimen for all detailing classifications. 
The maximum out-of-plane deformations were similar (between approximately 1.5% and 2%) for 
all detailing classifications. Similar to the damage progression, however, the out-of-plane deformations 
were more distributed in the xSBE specimens. 
It is difficult to define specific trends in the expansive pressure, but it is noted that the expansive 
pressure is more distributed in the xSBE specimen as compared with the others, another indication 
of the distributed strain demands along the height of the specimen. 
Table 4.39. Comparison of Experimental Data based on Boundary Element Detail Classification (Monotonic) 
Specimen 
Strain 
Concentration 
Max. Out-
of-Plane 
(Δ/hw) 
Expansive Pressure (psi) @ Spalling 
Major Axis Minor Axis 
Top Mid Bot Top Mid Bot 
CS9 
(OBE) 
Top 1.9% 438 105 188 572 191 - 
CS5 
(SBE) 
Top 2.2% 1,158 125 219 1,288 - 499 
CS7 
(xSBE) 
Distributed 1.4% 657 117 657 469 123 499 
 
4.21.2. Crossties 
The results indicate that the use of crossties in place of rectilinear hoops may detract from 
compressive performance. Table 4.40 is a comparison of the experimental data for cyclic specimens 
with various configurations of crossties and specimens constructed with rectilinear hoops. Cyclic tests 
are used for comparison, as this group of tests includes a larger body of test results. Load protocol 
will be discussed later in this section.  
The post-peak response of the SBE specimens with crossties differed substantially from the SBE 
specimens with hoops, as no substantial plateaus in load-carrying capacity were observed. The post-
peak behavior of the SBE specimens with crossties more closely related to that of the OBE specimens 
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with hoops. The xSBE specimens with crossties (both 90o-135o and 135o-135o) exhibited post-peak 
behavior similar to that of the SBE specimens with hoops, with load-carrying plateaus of 
approximately 2% to 3% normalized axial displacement. 
The damage progression in the specimens with crossties was similar to that of those without, 
however the crossties appeared to fail (bending out from the specimen or pulling out around the 
longitudinal reinforcement) approximately coincident (or not too far after) the bar buckling damage 
state. The damage in these specimens was concentrated in the top third of the specimens, regardless 
of boundary element detailing classification (SBE or xSBE). 
The magnitude of the out-of-plane deformation in specimens with crossties was relatively low (at 
most 0.7%), however, as will be discussed later, this may be a function the cyclic loading (as opposed 
to monotonic). The out-of-plane deformations were more concentrated in the SBE specimens, and 
more distributed in the xSBE specimens with the exception of specimen CS17, where the out-of-plane 
deformations were concentrated. 
The expansive pressure along the major axis was generally higher in the specimens with rectilinear 
hoops as compared to those with crossties, indicating more substantial contribution from the 
confining steel. It is also noted that specimen CS17 exhibited significantly lower expansive pressure 
along the major axis as compared with other specimens, although the reason was not immediately 
clear from the data. The expansive pressure along the minor axis in specimen CS17 was similar to the 
other specimens, so it may be possible that the strain gauge readings used to determine the expansive 
pressure along the major axis were inaccurate. 
269 
 
Table 4.40. Comparison of Experimental Data for Specimens with Crossties vs. Rectilinear Hoops (Cyclic) 
Specimen 
Strain 
Concentration 
Max. Out-
of-Plane 
(Δ/hw) 
Expansive Pressure (psi) @ Spalling 
Major Axis Minor Axis 
Top Mid Bot Top Mid Bot 
CS4 
(SBE – 
Hoops) 
Top 0.25% 1095 147 407 - 100 - 
CS14 
(SBE – 
90-135) 
Top 0.5% 399 61 129 792 - 766 
         
CS6 
(xSBE – 
Hoops) 
Distributed 0.55% 939 131 535 - 170 466 
CS10 
(xSBE – 
90-135) 
Top 0.7% 892 235 436 499 123 440 
CS16 
(xSBE – 
135-135) 
Distributed 0.5% 469 78 235 675 117 616 
CS17 
(xSBE – 
135-135) 
Top 0.5% - - - - - - 
 
4.21.3. Elimination of Longitudinal Reinforcement 
Specimens were tested without longitudinal reinforcement to study the effect of the stability of 
longitudinal reinforcement on compressive performance. Table 4.41 is a comparison of the 
experimental data between monotonic specimens with and without longitudinal reinforcement over a 
range of boundary element detailing classifications.  
The post-peak response of the OBE specimen with (monotonic) and without longitudinal 
reinforcement were similar, both exhibiting a quickly descending load-carrying capacity after reaching 
the peak stress. The post-peak response of the SBE specimen with (monotonic) longitudinal 
reinforcement exhibited a slightly enhanced load-carrying capacity plateau as compared to the 
specimen without longitudinal reinforcement. The post-peak response of the xSBE specimen 
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(monotonic) with longitudinal reinforcement exhibited a significantly enhanced load-carrying capacity 
plateau as compared to the specimen without longitudinal reinforcement. These results indicate 
longitudinal reinforcement significantly contributes to the deformation capacity of confined concrete 
sections, however only when properly restrained. 
The damage was concentrated in the specimens without longitudinal reinforcement, although the 
location varied. This was not specifically surprising due to the lack of longitudinal reinforcement 
holding the specimen together (across a diagonal compression failure plane). 
The maximum out-of-plane movement for the specimens without longitudinal reinforcement was 
significantly less than that of the specimens with (monotonic) longitudinal reinforcement. This was 
likely due to the enhanced post-peak performance of the specimens with (monotonic) longitudinal 
reinforcement (in the SBE and xSBE cases), where the specimens maintained load-carrying capacity 
beyond the crushing damage state. This is somewhat counter intuitive, indicating that longitudinal 
reinforcement increases the likelihood of out-of-plane movement, however the longitudinal 
reinforcement (if properly restrained) does also result in significantly increased deformation capacity. 
The expansive pressure indicates in all cases that specimens with (monotonic) longitudinal 
reinforcement exhibited better confinement (i.e., higher expansive pressure) as compared to the 
specimens without longitudinal reinforcement. 
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Table 4.41. Comparison of Experimental Data for Specimens with and without Longitudinal Reinf. (Monotonic) 
Specimen 
Strain 
Concentration 
Max. Out-
of-Plane 
(Δ/hw) 
Expansive Pressure (psi) @ Spalling 
Major Axis Minor Axis 
Top Mid Bot Top Mid Bot 
Longitudinal Reinforcement Present 
CS9 
(OBE) 
Top 1.9% 438 105 188 572 191 - 
CS5 
(SBE) 
Top 2.2% 1,158 125 219 1,288 - 499 
CS7 
(xSBE) 
Distributed 1.4% 657 117 657 469 123 499 
Longitudinal Reinforcement not Present 
CS18 
(OBE) 
Middle 0.4% 329 141 63 352 117 528 
CS19 
(SBE) 
Bottom 0.6% 563 156 1126 821 117 1173 
CS20 
(xSBE) 
Middle - 751 442 986 440 381 557 
 
4.21.4. Debonding of the Longitudinal Reinforcement 
Debonding of the longitudinal reinforcement in the anticipated damage zone (over a distance 
approximately 1.5 times the height from the top of the specimen) was thought to have an effect on 
the actual location of the damage zone. The deformations on reinforcement were thought to cause 
fracturing of the surrounding concrete, which could be prevented by debonding the bars. The results 
indicate that not only did this practice have no effect on the location of the damage zone, it actually 
resulted in significant reductions in performance. 
Table 4.42 is a comparison of the experimental data from monotonic test specimens with and 
without debonded longitudinal reinforcement; otherwise all other parameters were held constant.  
The load-carrying capacity of the specimens with debonded longitudinal reinforcement quickly 
decreased, as compared to similar SBE specimens without debonded longitudinal reinforcement. This 
result is similar to that of the specimens without longitudinal reinforcement, indicating that bonding 
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of the longitudinal reinforcement is important. It was not clear (as more testing would be needed) if a 
similar debonding technique would result in different performance if he debonded region was located 
at mid-span of continuous longitudinal reinforcement. 
The damage was concentrated in the top third of the specimen with debonded longitudinal 
reinforcement, similar to that of the specimen without. This was in direct contrast to the hypothesis 
that debonded longitudinal reinforcement would prevent significant damage in the debonded region, 
and perhaps even move the damage where the longitudinal reinforcement was bonded. However, the 
photogrammetry indicated that the strain concentration in the specimen with debonded longitudinal 
reinforcement (at least during spalling) was more concentrated near the middle of the specimen. It 
therefore appears as though strain initially concentrated away from the debonded longitudinal 
reinforcement, but this concentration moved (following spalling) to within the poorly confined 
(resulting from debonded longitudinal reinforcement) region in the top third of the specimen. 
The out-of-plane deformation was significantly less in the specimen with debonded longitudinal 
reinforcement as compared to the specimen without, however this is likely due to the quick loss in 
load-carrying capacity. 
The expansive pressure indicates that the confinement in the specimen without debonded 
longitudinal reinforcement was better than that of the specimen with debonded longitudinal 
reinforcement. 
Table 4.42. Comparison of Experimental Data from Normal and Debonded SBE Specimens (Monotonic) 
Specimen 
Strain 
Concentration 
Max. Out-
of-Plane 
(Δ/hw) 
Expansive Pressure (psi) @ Spalling 
Major Axis Minor Axis 
Top Mid Bot Top Mid Bot 
CS5 
(SBE) 
Top 2.2% 1,158 125 219 1,288 - 499 
CS13 
(SBE-d) 
Middle (at 
spalling only) 
0.8% 720 - 63 704 - 766 
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4.21.5. Loading Protocol 
The effects of cyclic versus monotonic loading were investigated in this experimental program, in 
addition to the effect of significant applied tensile strains prior to compression loading. Table 4.43 
shows the experimental results from monotonic and cyclic tests for OBE, SBE, and xSBE specimens 
with rectilinear hoops. In addition, the results of the SBE specimen subjected to 5% tensile strain 
prior to cyclic loading to failure is also compared.  
The post-peak behavior of specimens tested monotonically and cyclically was similar, which 
indicated little substantial impact. However, the SBE specimen loaded in tensile pre-strain (to 5% 
strain, followed by cyclic loading) exhibited a quicker decrease in load-carrying capacity than the cyclic 
SBE specimen. Furthermore, the specimen exhibited a substantially lower compressive capacity, as 
discussed further in Chapter 5. 
The damage concentrations in specimens loaded monotonically or cyclically were similar. In 
addition, the specimen tested in tensile pre-strain had a similar damage concentration as compared to 
the specimen tested without pre-strain. 
The out-of-plane deformation differed substantially between cyclic and monotonic tests, 
regardless of boundary element detailing classification. The specimens tested cyclically exhibited 
maximum out-of-plane deformations of about 0.5%, which, as described throughout the previous 
sections, was no more than the out-of-plane deformations measured during the initial loading cycles. 
This indicates that the maximum out-of-plane deformations were essentially negligible for the cyclic 
specimens. The monotonic specimens, however, exhibited significantly higher out-of-plane 
deformations, on the order of approximately 1.5%. One possible explanation for this difference may 
be that during tension cycles in the cyclic specimens, the specimens were realigned, whereas in the 
monotonic tests, when out-of-plane deformations initiated, no realignment was possible. The out-of-
plane measurement system was not employed for the pre-strain specimen. 
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No significant differences were observed in the expansive pressure between monotonic and cyclic 
tests. Little experimental data (aside of course from the strength and deformation capacity) was 
available from the tensile pre-strain test, and thus no trends or observations can specifically be made. 
Table 4.43. Comparison of Experimental Data for Various Loading Protocols 
Specimen 
Strain 
Concentration 
Max. Out-
of-Plane 
(Δ/hw) 
Expansive Pressure (psi) @ Spalling 
Major Axis Minor Axis 
Top Mid Bot Top Mid Bot 
Monotonic 
CS9 
(OBE) 
Top 1.9% 438 105 188 572 191 - 
CS5 
(SBE) 
Top 2.2% 1,158 125 219 1,288 - 499 
CS7 
(xSBE) 
Distributed 1.4% 657 117 657 469 123 499 
Cyclic 
CS8 
(OBE) 
Middle 0.6% 532 106 94 - 92 323 
CS4 
(SBE) 
Bottom 0.3% 1095 147 407 - 100 - 
CS6 
(xSBE) 
Distributed 0.6% 939 131 535 - 170 466 
Tensile Pre-Strain 
CS2 
(SBE) 
Top - - - - - 440 - 
 
4.22. Summary 
This chapter summarized the experimental results, both observed and collected by 
instrumentation, for the experimental program described in Chapter 3. The parameters studied 
throughout the experimental program included the amount and configuration of the transverse 
reinforcement, longitudinal reinforcement, load history, and the bonding interaction between the 
longitudinal reinforcement and the concrete. This chapter presented, for each specimen, the applied 
displacement history, load-deformation response, damage progression, compression strain 
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distribution, the strain in longitudinal reinforcement, and the calculated expansive pressure. Chapter 
5 presents a detailed analysis of compressive strength and strain capacity, focusing on both testing and 
detailing parameters. However, the following general observations were made based on the results: 
1. The transverse reinforcement ratio appears to have a significant effect on the initial 
damage distribution in rectangular reinforced concrete specimens. The majority of the 
observable spalling damage in OBE and SBE type specimens was concentrated at the top 
of the specimen in a region approximately equal to 1/3 the specimen height. In contrast, 
the xSBE type specimens exhibited distributed spalling damage along the full height of the 
specimen. Significant inelastic deformation from crushing and/or bar buckling was 
located, however, in a region approximately 1/3 the height for all specimen. 
2. Crossties, either 90o-135o or 135o-135o in shape, appear to provide little to no longitudinal 
bar restraint. As longitudinal bars buckled in these specimens, the crosstie hooks began to 
straighten and pull out of the concrete core as opposed to providing buckling restraint. 
This resulted in significant reductions in both strength and deformation capacity, as 
compared with similar specimens constructed with overlapping rectilinear closed hoops. 
3. The stability of the longitudinal reinforcement appears to be essential to develop 
significant deformation capacity. Strength loss consistently occurred simultaneously with 
either longitudinal bar or sectional buckling. Although the xSBE specimens were difficult 
to construct, they provided excellent longitudinal bar stability by means of overlapping 
rectilinear closed hoops restraining each bar; these specimens stood alone in showing 
significant deformation capacity. 
4. Typical gradually increasing cyclic loading does not appear to have a significant effect on 
the strength or deformation capacity as compared to monotonic tests. However, large 
tensile strains realized prior to compression loading appear to have a significant effect on 
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the strength capacity. A prior tensile strain of 5.0% resulted in an approximately 20% 
reduction in the specimen load-carrying capacity. 
5. The bonding of longitudinal steel was found to have little effect on observed damage. It 
was hypothesized that the deformations may be fracturing the concrete during tensile 
cycles, however specimens with debonded reinforcement in the damage region exhibited 
nearly identical damage progressions to those without. In fact, the debonded specimens 
exhibited drastic reductions in load-carrying capacity, further supporting the importance 
of the longitudinal reinforcement with respect to concrete core confinement. 
6. Compressive damage was localized in all specimens within the top third of the specimen, 
with the exception of specimens without longitudinal reinforcement where the damage 
was either localized at the top or the bottom. As will be discussed in Chapter 5, this 
localization is similar to that of other test results (such as those by Massone et al. [24]), 
except it occurs in those tests the localization was near the mid-height. Similar tests 
between this study, and specimens by Massone et al. [24] performed in a similar manner, 
and therefore the difference in location is unlikely to be a result of any boundary condition 
issues. More likely, the location of the damage was a function of the vertical casting 
orientation, where the concrete at the top of the specimen was undoubtedly weaker.  
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Chapter 5: Analysis of Experimental Results & Comparisons with 
Existing Data 
This chapter presents a summary of the effects of the specific design and testing parameters, 
described in Chapter 3, on the structural response of rectangular reinforced concrete prism 
compression members. The chapter also presents the influence of specific ACI 318-14 [1] detailing 
requirements on compressive performance. The comparisons of experimental data in this chapter are 
based on the specimens within the experimental program described in Chapter 3, and the results in 
Chapter 4, supplemented by existing similar experimental datasets published by Massone et al. [24], 
Mander et al. [20], Creagh et al. [21], and Chrysanidis and Tegos [23] where necessary and applicable. 
The supplemental tests are intended to provide further validation of the results and comparisons, and 
provide insight into a broader range of design and testing parameters. Descriptions of this 
supplemental dataset can be found in Chapter 2. 
The specimens discussed in this chapter fall into five (5) series (again, more thoroughly described 
in Chapter 3) based on specific testing parameters. Section 5.2 presents the effects of boundary 
element detail classification, while Section 5.3 presents the effects of using crossties for transverse 
reinforcement as opposed to rectilinear hoops. Section 5.4 and Section 5.5 focus on the elimination 
and debonding of the longitudinal reinforcement, respectively, and Section 5.6 summarizes the effects 
of loading protocol. Section 5.7 presents the influence of specific ACI 318-14 [1] detailing parameters, 
and Section 5.8 provides recommended levels of detailing corresponding to certain performance goals. 
Section 5.9 concludes the chapter with a summary of the effects on compressive performance from 
various design and testing parameters.  
Throughout this chapter (and throughout the document), failure is considered to be at least a 20% 
loss in load-carrying capacity. In monotonic tests, this is simply the point on the hysteresis where the 
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load reaches a point at least 20% less than the maximum measured load. In cyclic tests, it refers to the 
point on the hysteresis where the first cycle to a new strain limit results in a load of at least 20% less 
than the maximum measured. A load loss of 20% ensures that the load-carrying capacity is indeed 
declining, as opposed to minor fluctuations in maintaining load-carrying capacity associated with 
experimental testing. Furthermore, the specimens typically experienced such a loss in load-carrying 
capacity following either bar buckling or sectional buckling, after which load-carrying capacity could 
not be maintained. Note that this method is employed after the data were reduced to the contribution 
of concrete. 
Comparisons drawn throughout this chapter pertain specifically to the performance of the 
confined core within the rectangular prism specimens. For this reason, the data presented in Chapter 
4 (as well as the supplemental dataset) is reduced in two ways: (i) the hysteretic response of each 
specimen is first converted to a compression envelope, and (ii) these compression envelopes are then 
reduced to indicate only the contribution of the core concrete. The approach used for these reduction 
methods is described in Section 5.1. 
5.1. Methods for Data Reduction to Contribution of Concrete in Compression 
Hysteretic data provides an excellent means with which to quantify the performance of a structural 
member, most notably the strength, stiffness, deformation capacity, and energy dissipation. However, 
when comparing the performance of multiple specimens, especially when varied experimental 
programs are included, it is necessary to normalize and simplify the data. This section summarizes the 
methodology used to reduce the hysteretic response of each specimen (as reported in Chapter 4) to 
compression envelopes showing only the contribution of the concrete. The data published by Massone 
et al. [24] is in a similar format (i.e., full hysteretic response including the contribution of the 
longitudinal reinforcement), and therefore the same methodology is employed to that dataset for data 
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reduction. Other supplemental data is already published in the form of the contribution of the core 
concrete, and therefore no adjustment is necessary. 
5.1.1. Reduction from Hysteretic Response to Compression Envelope 
A compression envelope is a backbone curve of the compression portion of the hysteretic 
response. This conversion can be somewhat subjective, based on the step size of the hysteresis, and 
therefore a standard method is employed in this report. Compression envelope data points are 
recorded using the following rules: 
 Strain cycles prior to peak load: Where the peak load has not yet been reached, envelope 
data points are recorded at the end of the first cycle to a given strain. 
 Peak load strain cycle: During the strain cycle where the peak load is reached, envelope 
data points are recorded at the peak load and at the final strain for this given strain cycle. 
 Strain cycles following the peak load: For cycles following the peak load, envelope data 
points are recorded at the end of the first cycle to a given strain. If the strain cycle is 
continuous to failure, envelope data points are recorded at 0.25% strain intervals. 
An example of implementation of this methodology is shown in Figure 5.1 for specimen CS6. In 
the figure, implementation of each type of data point (pre-peak, peak, and post-peak) is shown for 
completeness. Reductions for each specimen are shown in Appendix D. 
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Figure 5.1. Conversion from Hysteretic Response to Compression Envelope (Specimen CS6) 
5.1.2. Removal of the Contribution of the Longitudinal Reinforcement 
Once the hysteresis response was reduced to a compression envelope, the contribution of the 
longitudinal reinforcement was removed; the result was then simply the contribution of the concrete 
to the compressive response. This process provides a more accurate method by which to compare the 
results of tests from different experimental programs, which may have differing test methods or steel 
material properties. This is not a novel process; the well-known set of data published by Mander et al. 
[20] employed a similar method to arrive at the contribution of the concrete in compression.  
For this method, it was assumed that the steel performed as an elastic, perfectly plastic material; 
this assumption was reasonable for rebar in compression over the range of compression strains of 
interest. The yield strength of the steel was as reported in Chapter 3 (Chapter 2 for the tests performed 
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by Massone et al. [24]), unless the strain gauge data indicates otherwise. Figure 5.2 shows the elastic-
perfectly plastic model used in determining the contribution of the steel. In the figure, fyl and εyl are the 
yield strength and strain of the longitudinal reinforcement, respectively. 
 
Figure 5.2. Elastic-Perfectly Plastic Stress-Strain Assumption for Longitudinal Reinforcement 
The data obtained from strain gauges installed on the longitudinal reinforcement provides a 
reasonable estimation of the average compressive strains in the rebar. Although strain gauges were 
installed on only one (specimens CS1 through CS9) or two (specimens CS10 through CS20) bars, it is 
assumed that this reading is a reasonable estimation for all of the bars. This is further supported by 
the results reported in Chapter 4 (and Appendix C); longitudinal strain gauges and loading plate 
photogrammetry results both indicated consistent uniform loading. Where the strain gauge data 
indicated that the compressive strain in a specimen did not reach the yield strain (as obtained from 
laboratory tests), then the “plastic strength” of the steel, fsl, was taken as the stress at the peak strain, 
as described by Equation 5.1. In the equation, εsl is the peak strain in the longitudinal reinforcement, 
as obtained from the strain gauge data. 
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 fsl=
εslfyl
εyl
 Equation 5.1 
 
In the data published by Massone et al. [24], it was noted that the strain in the longitudinal 
reinforcement corresponding to the peak load was approximately that of the yield strain. Therefore, 
the yield stress was taken as the plastic strength of the longitudinal steel in Figure 5.2 for all tests 
within that dataset. The load contribution of the steel, Ps, was determined for given strain values as 
the product of the stress in the steel (using the model shown in Figure 5.2 with fsl substituted for fyl 
where applicable) and the total area of longitudinal reinforcement. The load contribution of the 
concrete, Pc, is determined at each strain point along the compression envelope by subtracting Ps from 
the total load at that given strain location. 
 Figure 5.3 shows an example (specimen CS6) reduction in compression envelope from the full 
compressive response to the contribution of the concrete, Pc. Similar plots for each specimen within 
this experimental program can be found in Appendix D. Note that in this section, the compressive 
performance of the concrete was typically normalized by the product of the confined core area, Acore, 
and the test day cylinder compressive strength of the concrete, fc’. The confined core area was defined 
(as previously mentioned) as the area bounded by the centerlines of the perimeter transverse 
reinforcement. The resulting normalized contribution of the concrete was referred to as the 
“normalized core stress” for the purposes of this report. Note that the normalized core stress was an 
upper bound estimate where the average strain was low (before spalling initiates) as it did not consider 
the contribution of the cover concrete. For simplicity and clarity, the normalized axial displacement 
(as used in the results reported in Chapter 4) is referred to in this chapter as the “average strain”. 
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Figure 5.3. Reduction from Full Response to Contribution of Concrete for Specimen CS6 
5.2. Boundary Element Detailing Classification 
This section summarizes the effects of boundary element detail classification on the compressive 
performance of rectangular reinforced concrete prism specimens. These five (5) classifications include 
unconfined, non-compliant boundary elements (NBE), ordinary boundary elements (OBE), special 
boundary elements (SBE), and enhanced special boundary elements (xSBE). Specimens within the 
OBE, SBE, or xSBE categories complied with the ACI 318-11 [6] requirements for boundary elements 
within special reinforced concrete structural walls, as this was the governing code when the research 
was initiated. Changes to the code in the 2014 edition (ACI 318-14 [1]) occurred after testing was 
completed, and as such the OBE specimens within this experimental program do not meet the new 
vertical spacing requirements for transverse reinforcement prescribed for ordinary boundary elements, 
but they do meet all other pertinent requirements (see Chapter 3 for more detail). 
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Figure 5.4 shows the observed final damage states for representative monotonic specimens from 
each of the detailing classifications (unconfined, NBE, OBE, SBE, xSBE). The figure also shows the 
ratio of the transverse reinforcement spacing to the longitudinal bar diameter, s/db, as well as cross-
sectional details for reference. There is a clear distinction in the failure mode of each detail class. The 
unconfined specimen (P2) and the NBE specimen (P20) failed due to a combination of concrete 
crushing and bar buckling at approximately 0.5% average strain. In the OBE specimen, bar buckling 
was observed as well, and the entire specimen buckled out-of-plane (as shown in Figure 5.4), again at 
approximately 0.5% average strain. The damage observed in the SBE specimen was more distributed 
throughout the height of the specimen; the SBE specimen failed in bar buckling at approximately 
2.0% average strain. The damage was relatively well distributed in the xSBE specimen along its height; 
the xSBE specimen eventually failed (20% loss in load-carrying capacity) in bar buckling at 
approximately 3.5% average strain. 
These results are based on a sample set of specimens that are applicable to reviewing the effects 
of boundary element detailing. Some repetition exists in the data, mostly in the case of the cyclic 
counterpart specimens within the experimental program, however (as noted later in this chapter) no 
significant differences between the cyclic and monotonic tests were observed and therefore these tests 
are representative of the larger set of data. Trends are reviewed in the entire set of data with respect 
to specific detailing parameters for the entire database of tests in Section 5.7. 
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Unconf. NBE OBE SBE xSBE 
s/db = N/A s/db = 6 s/db = 8 s/db = 4 s/db = 4 
     
(Massone) (Massone) (Welt) (Welt) (Welt) 
Figure 5.4. Final Damage States of Monotonic Tests of Various Detail Classes: (a) Unconfined, (b) NBE, (c) OBE, (d) 
SBE, (e) xSBE 
The normalized stress-strain behaviors of the specimens from Figure 5.4 are shown in Figure 5.5. 
Note that in the unconfined specimen, the core area was simply taken as the gross area. It is noted 
that this may be an over penalization, however the specimen lost all load-carrying capacity immediately 
after reaching the peak strength, indicating no benefit of the “core” area in the classical sense. As 
shown, there was little difference in the response of both the NBE specimen and the OBE specimen 
as compared with that of the unconfined specimen. The OBE specimen did exhibit about a 20% 
increase in strength over the NBE and unconfined specimens. The strain capacity of the OBE, NBE, 
and unconfined specimens were nearly identical, however the OBE and NBE specimens did not 
exhibit as sharp of a loss in load as compared with the unconfined specimen.  
Substantial increases in confined strength and deformation capacity were only realized in the xSBE 
specimen, in which each longitudinal bar was restrained in each orthogonal direction by a rectilinear 
     
Unconf. NBE OBE SBE xSBE 
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closed hoop. The SBE specimen shows some increase in deformation capacity (as compared with 
lesser detail classifications), however the strength increase over the OBE specimen was minimal. 
 
Figure 5.5. Monotonic Compressive Response of Various Detail Classifications 
These results indicate that boundary element detailing classification has a significant effect on the 
compressive performance of the confined core. The data also clearly indicates the importance of the 
stability of the longitudinal reinforcement, as shown by the performance enhancement between the 
SBE and the xSBE specimen. These specimens have similar transverse reinforcement spacing, 
however each longitudinal bar is restrained in the xSBE specimen, as opposed to every other bar in 
the SBE specimen. The stability of the longitudinal reinforcement is further discussed in Section 5.4.  
It is important to note that these results are based solely on a comparison between monotonic 
tests. This allows for comparison with other test programs (in this case, with the results published by 
Massone et al. [24]), which only included monotonic tests. However, as will be discussed further in 
Section 5.6.1, cyclic loading did not appear to have any significant effect on the compressive 
performance of the specimens as compared with monotonic loading (with the exception of when a 
significant tensile strain was applied prior to loading in compression, as described in Section 5.1.2). 
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5.3. Inclusion of Crossties 
The use of crossties in place of rectilinear closed hoops to restrain non-corner longitudinal bars is 
commonplace in the reinforced concrete construction industry for ease of installation. This practice 
is permitted by ACI 318-14 [1] as long as at least one end of the crosstie terminates in a 135o hook 
with an extension of at least six (6) times the bar diameter, or 3 in. (75 mm) at a minimum. 
Specimens within the experimental program discussed in this report, and those reported by 
Massone et al. [24], are constructed using varied types and configurations of crossties to replace 
intermediate rectilinear closed hoops. At full-scale, crosstie hooks on the Massone et al. [24] specimens 
would have extensions of 5 in. (127 mm), or approximately 11 times the bar diameter; specimens 
within the experimental program presented in this document, at full-scale, would have crosstie hook 
extensions of 3.4 in. (86 mm), or approximately 7 times the bar diameter. It is important to note that 
at testing scale, the hook extensions on the specimens within this experimental program meet the 6db 
requirement, however they are just under the 3 in. (75 mm) requirement. Since this requirement is an 
absolute dimension, it may be scaled to account for the testing scale. Therefore, at scale, the 2.3 in. 
(58 mm) hook extensions meet the scaled 2 in. (50 mm) absolute minimum requirement.  
The effectiveness of crossties to adequately restrain longitudinal reinforcement in a manner similar 
to that of rectilinear hoops is presented in Figure 5.6. The specimens in Figure 5.6(a) are monotonic 
tests, as supplemental tests from Massone et al. [24] are also included. In Figure 5.6(b), results are 
shown for cyclic tests (all within the experimental program described in this document) because this 
allows for a comparison of more configurations. As previously mentioned, cyclic loading did not 
appear to have a significant effect on response as compared with monotonic loading. 
OBE and SBE specimens are shown in Figure 5.6(a), while the xSBE specimens are shown in 
Figure 5.6(b). The crossties do not appear to have a significant effect on the response of the OBE 
specimens as compared with the rectilinear closed hoops. Significant reductions in peak strength and 
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deformation capacity are observed in both the SBE and the xSBE specimens constructed with 
crossties as compared to those constructed with only rectilinear closed hoops.  
This result is consistent for specimen CS17, which was constructed with two rectilinear hoops and 
a single crosstie in the middle. This indicates that using crossties to anchor a high aspect ratio 
rectilinear closed hoop may not provide equivalent intermediate longitudinal bar restraint as compared 
to using overlapping rectilinear closed hoops (of lesser aspect ratio) for anchorage. As shown in Figure 
5.6(b), crossties with 135o-135o standard hooks initially do not appear to provide a significant benefit 
as compared to crossties with 90o-135o standard hooks. However, the transverse reinforcement ratio 
was lower in these specimens (CS16 and CS17) than that of specimen CS10, which indicates that they 
were in fact providing better restraint of the longitudinal reinforcement as compared to the 90o-135o 
crossties. 
 
Figure 5.6. Comparison with Crossties vs. Rectilinear Hoops for (a) Special and Ordinary Boundary Elements 
(Monotonic), and (b) Enhanced Special Boundary Elements (Cyclic) 
Additional tests by Massone et al. [24] and Creagh et al. [21] were constructed using various 
configurations of both 90o-135o and 135o-135o crossties. All of these tests were either considered OBE 
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or SBE specimens; the measured compressive response in these tests varied little from that of the 
specimens shown in Figure 5.6(b), and therefore the results are not shown to eliminate repetition. 
Trends in the entire set of data are presented in Section 5.7, which is a review of the specific effects 
of various detailing parameters.  
The observed damage in these tests further points to the ineffectiveness of crossties to adequately 
restrain the longitudinal reinforcement. Figure 5.7(a) shows the final damage zone of a specimen with 
crossties, while Figure 5.7 (b) shows the final damage zone of a specimen constructed with all 
rectilinear closed hoops. The core appeared to maintain integrity in the specimen with overlapping 
rectilinear closed hoops, while the specimen with crossties showed significant core crushing damage 
in addition to the crossties pulling out of the core (resulting in an unrestrained longitudinal bar). 
 
  
Figure 5.7. Final Damage State of a Special Boundary Element (a) with 90o-135o Crossties (Specimen CS14), and (b) with 
all Rectilinear Hoops (Specimen CS1) 
These results indicate a clear distinction in the performance of specimens constructed with 
crossties used in place of rectilinear hoops. Specifically, crossties do not appear to provide significant 
longitudinal bar restraint, which may lead to premature compressive failure (reduction in deformation 
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capacity), and reduce the effectiveness of confining steel to increase the confined strength of the 
concrete core. This reduction in effectiveness was not as apparent in the OBE specimens, however 
none of the specimens within this detailing classification (even those with rectilinear closed hoops) 
showed significant deformation capacity. The results do indicate that 135o-135o crossties perform 
better than 90o-135o crossties, however not as well as using rectilinear hoops. 
5.4. Elimination of Longitudinal Reinforcement 
The third series of tests (as described further in Chapter 3) provide insight into the effect of 
longitudinal reinforcement on the compressive performance of the confined core. Specimens CS18, 
CS19, and CS20 were companions to specimens CS9, CS5, and CS7 in that they had similar transverse 
reinforcement detailing, and represented the OBE, SBE, and xSBE detail classifications, respectively. 
However, specimens CS18 through CS20 were constructed without longitudinal reinforcement, so as 
to better understand the effect of longitudinal reinforcement on the confined core behavior. Ideally, 
the longitudinal reinforcement also provides confining pressure to the core, in a similar fashion to the 
transverse reinforcement, just in the vertical dimension. These specimens represent the only ones in 
the existing database of this type. Furthermore, these specimens represent a unique means of studying 
a certain parameter, and therefore are not included in the later review of the entire database, as they 
are not fully comparable. 
As previously shown in Figure 5.5, significant strength loss was consistently realized in the test 
specimens along with the occurrence of either longitudinal bar buckling or sectional buckling. This 
observation indicates that both strength and deformation capacity are directly related to the stability 
of the longitudinal bars. Figure 5.8 shows the final damage states of the OBE, SBE and xSBE 
specimens with and without longitudinal reinforcement. The ratio of the spacing of the transverse 
reinforcement to the size of the longitudinal reinforcement, s/db, and cross-sectional details are shown 
for reference. In the figure, the damage appears to be similar between specimens with and without 
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longitudinal reinforcement for each detail classification. An exception, however, is observed with the 
xSBE specimens. Specimen CS20 (Figure 5.8(f), no longitudinal reinforcement) appears to have 
slightly more localized damage than specimen CS7 (Figure 5.8(c), longitudinal reinforcement). This 
indicates that the reinforcement in specimen CS20 may not provide the same level of confinement as 
specimen CS7. 
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(a) – s/db = 8 (b) – s/db = 4 (c) – s/db = 4 
   
   
(d) – s/db = 8 (e) – s/db = 4 (f) – s/db = 4 
   
Figure 5.8. Final Damage States of Monotonic Specimens with and without Longitudinal Reinforcement 
Figure 5.9 shows the compressive response of otherwise identical specimens, with and without 
longitudinal reinforcement, for OBE, SBE, and xSBE detailing classifications. All specimens shown 
were tested in monotonic compression. The figure shows that there was little or no difference in 
compressive response with and without longitudinal reinforcement, with the exception of the xSBE 
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case (where all longitudinal bars were restrained within a rectilinear closed hoop). The xSBE specimen 
showed a significant increase in both strength and deformation capacity in the specimen with 
longitudinal reinforcement as compared to the specimen without longitudinal reinforcement. In 
addition to indicating that unbuckled longitudinal bars contribute to confinement, this further 
supports the conclusions of Figure 5.5, where confined strength and deformation capacity are 
significantly enhanced if every longitudinal bar is restrained. 
 
Figure 5.9. Comparison of Specimens with and without Longitudinal Reinforcement 
5.5. Debonding of Longitudinal Reinforcement 
This section summarizes the effects of debonded longitudinal reinforcement on the compressive 
performance of the confined core. As discussed in Chapter 3, localized damage zones in early tests led 
to the hypothesis that the deformations on the longitudinal reinforcement may cause fracturing of the 
core concrete when strained significantly in tension. This hypothesis differs from that of, among 
others, Paulay and Priestley [48], who assert that reduced strength and deformation capacity following 
294 
 
tensile strain excursions derives from p-delta effects arising from non-uniform crack closure upon 
returning to the neutral strain position. As the damage zones of early tests were consistently observed 
along a length between one (1) and two (2) times the specimen thickness, the longitudinal 
reinforcement on specimens CS12 and CS13 was debonded at the top for a length equal to 1.5 times 
the thickness (12 in. (305 mm)).  
These specimens were of the SBE detailing class, and were therefore companions to specimens 
CS5 and CS1. Ideally, if the deformations caused fracturing of the confined core, then the damage 
regions in these specimens would occur below the debonded bars, most likely in the cyclic specimen 
(CS12). These specimens represent the only specimens in the existing database of this type. 
Furthermore, these specimens represent a unique means of studying a certain parameter, and therefore 
are not included in the later review of the entire database, as they are not fully comparable. 
Figure 5.10(a) shows a comparison of the final damage states of the monotonic specimens without 
(specimen CS5) and with (specimen CS13) debonded longitudinal bars; Figure 5.10(b) shows a 
comparison of the final damage states of the cyclic specimens without (specimen CS1) and with 
(specimen CS12) debonded longitudinal bars. The figure clearly indicates that the damage zone was 
not significantly affected by the deformations on the longitudinal reinforcement. The damage zone as 
nearly identical for specimens with and without debonded bars, for both the monotonic and cyclic 
cases. In fact, the damage observed in the cyclic debonded specimen (CS12) was somewhat more 
localized than the observed damage in the specimen with bonded reinforcement (CS1). 
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Bonded (CS5) 
 
Debonded (CS13) 
(a) Monotonic 
 
Bonded (CS1) 
 
Debonded (CS12) 
(b) Cyclic 
Figure 5.10. Final Damage State of (a) Monotonic, and (b) Cyclic Specimens, with and without Debonded Bars 
Figure 5.11(a) and Figure 5.11(b) show the normalized stress-strain response of the specimens 
with and without debonded longitudinal bars for both the monotonic and cyclic specimen sets, 
respectively. The figure clearly indicates, for both monotonic and cyclic loading, that the deformations 
on the longitudinal reinforcement did not cause a significant reduction in strength or deformation 
capacity. This result is not surprising for the monotonic case, as the longitudinal reinforcement is not 
exposed to any tensile strain. However, even in the cyclic case, the results clearly indicate that for a 
uniformly increasing cyclic loading protocol, the deformations do not have a significant detrimental 
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effect on the compressive performance of the core (at least as tested). It is possible, however, that a 
larger tensile strain (prior to reaching the peak compressive capacity) could result in a more 
pronounced effect of the deformations with respect to the core compressive performance. 
  
(a) (b) 
Figure 5.11. Normalized Stress-Strain of SBE Specimens with and without Debonded Longitudinal Bars: (a) Monotonic 
Loading, and (b) Cyclic Loading 
In fact, the strength and deformation capacity are shown to be significantly reduced in the 
specimens with debonded bars for both cases. This result further supports the conclusion that 
longitudinal reinforcement plays an integral role in adequately confining the concrete core. It was 
unclear from the data whether continuous longitudinal bars with debonded lengths somewhere near 
the middle would exhibit similar performance. 
5.6. Loading Protocol 
This section focuses on the effects of loading protocol on the compressive performance of 
rectangular reinforced concrete prism specimens. It was postulated that specimens that experience 
tensile strains are likely to exhibit reduced strength and deformation capacity in compression due to a 
number of reasons including: cyclic fatigue, degradation of the confined core due to tensile cracking, 
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and non-uniform crack closure upon returning to the neutral strain position following tensile loading. 
This section focuses first on the effects of a standard reversed-cyclic loading protocol on the 
compressive performance of the concrete core as compared with a monotonic compression loading 
protocol. The second portion of this section focuses specifically on the effects of varied magnitudes 
of tensile strain prior to reaching peak compressive capacity. 
5.6.1. Monotonic vs. Cyclic Loading 
Two (2) specimens were constructed for nearly all unique detailing schemes within this 
experimental program, to allow for testing by means of both monotonic compression and reversed-
cyclic loading. Contrary to postulation prior to testing, reversed-cyclic loading had little effect on either 
the strength or deformation capacity of the confined core, regardless of boundary element detailing 
classification.  Figure 5.12(a), Figure 5.12 (b), and Figure 5.12 (c) show the normalized compressive 
stress-strain response of monotonic and reversed-cyclic (envelope) tests of OBE, SBE, and xSBE 
specimens, respectively. 
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(a) OBE – s/db = 8 (b) SBE – s/db = 4 
 
 
 
(c) xSBE – s/db = 4 
Figure 5.12. Cyclic vs. Monotonic Response of (a) OBE (CS8 & CS9), (b) SBE (CS1 & CS5), and (c) xSBE (CS6 & CS7) 
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This figure clearly indicates consistent performance of similar specimens exposed to differing 
loading protocols. This result is likely due to the consistent occurrence of the peak compressive 
capacity at approximately 0.5% average strain for all specimens. This means that the maximum tensile 
strain in the specimen prior to reaching the compressive capacity was at most 0.5%. Following the 
peak compressive capacity, strength degradation occurs at differing rates for different boundary 
element detail classifications, however this degradation did not appear to be significantly affected by 
tensile strains. 
5.6.2. Tensile Pre-Strain 
As previously mentioned, Paulay and Priestley [48] suggested that tensile strain prior to 
compression loading (called tensile pre-strain herein) significantly affects the confined concrete core 
strength. Specifically, they suggested that non-uniform yielding of individual curtains of reinforcement 
results in non-uniform crack closure across the section thickness, which can cause instability and 
therefore a reduction in capacity. Specimens within the experimental program reported in this 
document are compared in this section to investigate these effects, and are supplemented by data 
published by Massone et al. [24]. Note that tensile pre-strain is a unique testing parameter that appears 
to have a significant effect on the compressive response of confined concrete, and therefore specimens 
of this nature are excluded from review in Section 5.7, which only shows observed trends for specific 
detailing parameters. 
To investigate the effects of pre-strain, specimen CS2 was constructed as a companion SBE 
specimen to specimen CS1, and was therefore identical in design and construction. Specimen CS2 was 
loaded in tension to a strain of approximately 5.0% and then returned to the neutral strain position 
prior to beginning the standard reversed-cyclic loading protocol. Similar tests were reported by 
Massone et al. [24], except that the peak pre-strain in those tests was at most 2.0% as opposed to 
300 
 
5.0%. The Massone et al. [24] tests, combined with specimen CS2 provide an ample range of tensile 
pre-strain values for comparison and analysis purposes. 
Figure 5.13(a) shows a photo of specimen CS2 in the neutral displacement position after a tensile 
pre-strain excursion to approximately 5.0%; Figure 5.13 (b) depicts the scenario suggested by Paulay 
and Priestley [48]. Note that the total compression force (including the contribution of the steel) at 
this point of neutral displacement was approximately 200 kip. The observed damage at the neutral 
strain position indicates that, at the initiation of compression displacement loading, the specimen is 
likely to experience P-δ effects similar to those shown in Figure 5.13 (b). Although the reinforcement 
was not visible, and no compressive damage was evident, the figure clearly indicates that even prior 
to compression loading, the specimen was predisposed to amplified loading effects due to its initial 
out-of-plane position. 
 
Figure 5.13. (a) Specimen CS2 at Neutral after 5.0% Tensile Strain, and (b) Instability of Sections Subjected to Tensile 
Strain (Paulay and Priestley [48]) 
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Figure 5.14 shows the difference in final damage state of specimens CS1 and CS2, respectively; 
both specimens were tested in reversed-cyclic loading, however specimen CS2 was first loaded to a 
tensile pre-strain of approximately 5.0%. As shown, the damage appears to be more localized at the 
top in specimen CS2 as compared to that of specimen CS1. Furthermore, the damage is significantly 
non-uniform across the thickness of specimen CS2, indicating the presence of P-δ effects. Although 
not specifically shown in the figure, the direction of the out-of-plane buckling failure of the specimen 
is consistent with the damage shown in Figure 5.13(a) at the neutral strain position. This result further 
supports the presence of non-uniform loading in specimens exposed to significant tensile pre-strain. 
  
(a) CS1 – No Pre-Strain (b) CS2 – 5.0% Pre-Strain 
Figure 5.14. Final Damage States of Cyclic Specimens Loaded (a) with, and (b) without Tensile Pre-Strain 
Figure 5.15 shows the normalized stress-strain response of specimens CS1 and CS2. The figure 
clearly indicates a significant, nearly 50% reduction in the compressive strength of the core as a result 
of the 5.0% tensile pre-strain. Interestingly, however, the deformation capacity was not as significantly 
affected by the tensile pre-strain; in fact the average strain at 20% load loss in specimen CS2 was only 
approximately 20% less than that of specimen CS1. 
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Figure 5.15. Effect of Tensile Pre-Strain on Specimen Response – Cyclic Loading 
The test data presented above is based on a single test (with companion control test) from the 
experimental program described in this document. To ensure adequate representation, the results are 
compared to those of similar tests from other research programs (Massone et al. [24] and Creagh et 
al. [21]). The results presented by Creagh et al. [21] show (as noted in Chapter 2) that after a tensile 
pre-strain of 4%, the residual compressive capacity was nearly equal to that of the yield strength of 
the longitudinal reinforcement, indicating specimen failure prior to reengaging the confined core. It is 
unclear why this specimen exhibited such poor response as compared with the results presented 
above, although it may be a result of the specimen being 25% thinner. The results presented by 
Massone et al. [24] are discussed below as compared with the results from this experimental program. 
 Figure 5.16 shows the confined strength of specimens with various boundary element detailing 
classes, for a range of tensile pre-strains imposed prior to significant compression loading, normalized 
by the confined strength of nominally identical specimens not exposed tensile pre-strain. As previously 
mentioned, this set of data includes tests published by Massone et al. [24], which can be identified by 
those tests with a tensile pre-strain of 1.0% or 2.0%. Note that the data points in Figure 5.16 that 
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represent a 0.5% tensile pre-strain are specimens that were loaded with the standard increasing 
reversed-cyclic loading protocol. Note also that the specimen tested by Creagh et al. [21] is not shown, 
as the compressive strength following the tensile pre-strain excursion was less than that of the 
longitudinal reinforcement; it was unclear whether the concrete was contributing at all to the 
compressive strength. The figure shows the effect of tensile pre-strain over a range of boundary 
element detailing classifications. 
 
Figure 5.16. Influence of Tensile Pre-Strain, εt, on Confined Core Strength 
The maximum tensile pre-strain imposed on an xSBE specimen was 0.5%, which resulted in 
negligible effects on the compressive response; for clarity and efficiency, these results are not shown. 
The reduction in confined strength appears similar for all other detailing classes, with tensile pre-strain 
more significantly affecting unconfined sections. For the OBE and SBE specimens, tensile pre-strains 
of approximately 0.5% produced at most a 5% reduction in confined strength, while tensile strains of 
2.0% and 5.0% produced approximately 20% and 50% reductions in confined strength, respectively. 
In the unconfined case, tensile strains of 1.0% and 2.0% produced reductions in confined strength of 
approximately 20% and 50%, respectively. With tensile pre-strain being the tensile strain experienced 
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by the specimen prior to any significant compression loading, it is important to note that achieving 
tensile pre-strains of 5% in an actual structural wall boundary element would require very specific 
loading conditions, such as a significant pulse load. 
5.7. Influence of ACI 318 Boundary Element Detailing Requirements 
The previous sections of this chapter summarized the influence of the set of testing parameters 
defined by the experimental program (as described in Chapter 3). The purpose of this section is to 
review the influence of specific ACI 318-14 [1] boundary element detailing parameters with the goal 
of both assessing the adequacy and exploring the benefits of enhancing these parameters. The design 
parameters reviewed in this section include: (i) vertical spacing of transverse reinforcement, (ii) 
development of transverse reinforcement, (iii) ACI 318-14 [1] minimum transverse reinforcement 
ratio, and (iv) horizontal spacing and regularity of restrained longitudinal reinforcement. 
Supplemental data is included in this section from the experimental database as necessary and 
applicable (in the same manner as for the previous sections within this chapter). Note that specimens 
from this experimental program with no longitudinal reinforcement, debonded longitudinal 
reinforcement, or applied tensile pre-strain, are omitted from the database for this ACI 318-14 [1] 
assessment, as these specimens may skew the observed trends due to their unique testing purposes. 
The results indicate that ACI 318-14 [1] boundary element design parameters fall into a hierarchy 
of importance, with the influence of certain lower importance parameters being dependent on the 
value of higher importance parameters.  Figure 5.17 is a flowchart showing the hierarchy of 
importance with respect to the various ACI 318-14 [1] design parameters; more important parameters 
are shown higher on the chart. It is important to note that the transverse reinforcement ratio appears 
twice in this flowchart; the first appearance evaluates the adequacy of the ACI 318-14 [1] minimum 
transverse reinforcement ratio, while the second appearance is a review into the possible benefits of 
increasing the transverse reinforcement ratio. The following subsections describe the influence of each 
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design parameter with respect to the measured normalized peak strength (fcc’/fc’) and strain capacity 
(ε20% Loss), where the strain capacity is defined as the strain corresponding to 20% loss in load-carrying 
capacity. 
 
Figure 5.17. Hierarchy of Influence for ACI 318-14 [1] Design Parameters 
5.7.1. Spacing of Transverse Reinforcement 
The results indicate that the spacing of the transverse reinforcement, or more so the ratio of this 
spacing to the longitudinal bar diameter, s/db, has the most significant effect on the performance of 
rectangular reinforced concrete prism compression members. As such, this review of s/db includes the 
entire database of existing tests. The influence of s/db on the measured normalized peak strength is 
shown in Figure 5.18(a), where strength enhancement benefits are seldom realized where s/db is greater 
than 4.  The influence of s/db on strain capacity is shown in Figure 5.18(b), where specimens with s/db 
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greater than 4 exhibit a maximum strain capacity of approximately 0.5%, regardless of other design 
parameters. 
  
(a) (b) 
Figure 5.18. Influence of s/db on (a) Peak Strength, and (b) Strain Capacity 
It should be noted that the current ACI 318-14 [1] s/db requirement for ordinary (OBE) and special 
(SBE) boundary elements is 6. Figure 5.18 shows that at this spacing, little benefit in strength is 
realized, nor is any substantial strain capacity beyond the generally assumed crushing strain for 
unconfined concrete of approximately 0.3%. 
5.7.2. Development of Transverse Reinforcement 
The results indicate that the development length of the crossties (with respect to the ACI 318-14 
[1] minimum for hooked bars) has an effect on both the strength and strain capacity in rectangular 
reinforced concrete prism compression members. The development length of the crosstie is defined 
as the distance from the inside of the 135o bend to the outside of the 90o bend. The damage observed 
in specimens with crossties indicated that the 90o bend controlled the crosstie behavior (see Chapter 
6 for further description of crosstie development. This effect is magnified as s/db approaches 4 or less, 
where significant increases in both strength and strain capacity are realized in specimens with fully 
developed transverse reinforcement. As previously mentioned, specimens with s/db greater than 4 
exhibited little benefit in terms of strength and strain capacity, and therefore the effect of the 
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development of transverse reinforcement in this case is limited.  Figure 5.19(a) and Figure 5.19(b) 
show the measured strength and strain capacity for developed and undeveloped specimens for the 
same set of data shown in Figure 5.18 (which includes the entire database), respectively. 
  
(a) (b) 
Figure 5.19. Influence of Development of Transverse Reinforcement on (a) Strength, and (b) Strain Capacity 
There is currently no ACI 318-14 [1] requirement for the development of transverse 
reinforcement. This is surprising considering that all reinforcement in all other applications within the 
code is required to be fully developed. Figure 5.19 clearly shows that undeveloped transverse 
reinforcement provides little to no significant benefit in either strength or strain capacity. Contrarily, 
specimens with fully developed transverse reinforcement (specifically those with an s/db less than or 
equal to 4) appear to provide significant increases in both strength and strain capacity. 
5.7.3. ACI 318-14 [1] Minimum Transverse Reinforcement Ratio 
The results indicate that, when s/db is less than or equal to 4 and the transverse reinforcement is 
developed, the ACI 318-14 [1] expression (shown in Equation 5.2) for minimum reinforcement ratio 
is adequate in providing significant strength and strain capacity improvements. 
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For this limited set of data, Figure 5.20(a) and Figure 5.20(b) show the strength and strain capacity 
respectively for specimens that meet and do not meet the minimum ACI 318-14 [1] requirement for 
transverse reinforcement ratio (along the major axis, consistent with the length). As shown, specimens 
meeting the minimum requirement had increases in peak strength of at least 1.5 times the unconfined 
strength, and strain capacities of at least 2.0%. 
  
(a) (b) 
Figure 5.20. Influence of ACI 318-14 [1] Minimum SBE Transverse Reinforcement Ratio (Major Axis) on (a) Strength, 
and (b) Strain Capacity 
It is important to reiterate that this observation is limited to specimens with developed transverse 
reinforcement and s/db of at most 4. Outside these limits, little to no benefit in strength or strain 
capacity was realized, and therefore the effects of the minimum transverse reinforcement ratio are 
limited. 
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5.7.4. Regularity and Spacing of Restrained Longitudinal Reinforcement 
The results indicate that both the regularity (i.e., every bar or every other bar) and the spacing of 
restrained longitudinal reinforcement have an effect on compressive performance. The effects are 
most notable in specimens with developed transverse reinforcement, s/db of at most 4, and that meet 
the minimum ACI 318-14 [1] requirement for transverse reinforcement ratio. Note that for the 
purposes of this review, hx, or the spacing of restrained longitudinal bars, is taken along the length of 
the major axis. Figure 5.21(a) and Figure 5.21(b) show the measured strength and strain capacity, 
respectively, of this limited set of data as a function of the spacing of restrained longitudinal 
reinforcement divided by the thickness, hx/b.  Figure 5.21(c) and Figure 5.21(d) show the same set of 
data, except as function of just the spacing of restrained longitudinal reinforcement, hx. In these plots, 
hx is scaled based on a full-scale thickness of 12 in. (scaling is not necessary for hx/b) Note that in these 
figures, specimens with s/db less than 3 are shaded, as this configuration is unlikely in construction 
practice due to constructability. 
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(a) (b) 
  
(c) (d) 
Figure 5.21. Influence of Regularity and Spacing of Restrained Longitudinal Reinforcement 
The data in Figure 5.21(a,b) indicates that specimens with a spacing of approximately two-thirds 
the thickness provided a peak strength of least 1.5 times the unconfined strength, and a strain capacity 
of at least 2.0%. This corresponds to the current ACI 318-14 [1] restrained longitudinal bar spacing 
limit of 2b/3, and therefore this requirement appears to be adequate. The data in Figure 5.21(c,d) 
indicates that specimens with a restrained longitudinal bar spacing of less than 8 in. provided similar 
strength and strain capacity benefits.  The current ACI 318-14 [1] absolute limit for restrained 
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longitudinal bar spacing is 14 in., however no data (of reasonable s/db) exists to support this 
requirement. 
Figure 5.21 also shows the effect of the regularity of restrained longitudinal bars. The data indicates 
that specimens with every bar restrained exhibited similar (or better) strength as compared to those 
with every other bar restrained, in addition to providing at least 3.0% strain capacity. Currently, only 
every other bar is required to be restrained per ACI 318-14 [1]. 
For specimens that did not meet these requirements, the effect of the regularity of restrained 
longitudinal bars (and thereby spacing) is minimal. Figure 5.22(a) and Figure 5.22(b) show the 
measured strength and strain capacity of specimens with undeveloped transverse reinforcement. As 
noted on the figure, the specimens that achieve a strength of about 1.5 times the unconfined strength 
and a strain capacity of approximately 2.5% are not completely undeveloped. In this type of specimen 
(specimen CS10 and CS11), every other bar is restrained with a rectilinear hoop (as shown in Figure 
5.23); the remaining bars are restrained with undeveloped crossties. This configuration results in 
adequately restrained longitudinal reinforcement at every other bar, which as previously shown can 
provide significant performance benefits. The data also shows that some manner of enhanced strain 
capacity (just about 1.5%) was realized in undeveloped specimens with s/db of about 2, however this 
configuration would be unlikely in practice due to constructability difficulties.  
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(a) (b) 
Figure 5.22. Influence of Regularity of Restrained Longitudinal Reinforcement in Specimens with Undeveloped 
Transverse Reinforcement 
 
Figure 5.23. Detail Configuration of Specimen noted in Figure 5.22 
5.7.5. Benefits of Increased Transverse Reinforcement Ratio 
The effect of the current ACI 318-14 minimum required transverse reinforcement ratio is 
discussed in Section 5.7.3. This section focuses on the benefits of providing more than the minimum 
amount of transverse reinforcement. The data indicates that such benefits are limited to specimens 
that had developed transverse reinforcement, s/db of at most 4, and that met the maximum ACI 318-
14 [1] restrained longitudinal bar spacing requirements, with the absolute maximum adjusted to 8 in. 
Although this set of data is limited in size, it is still prudent to show what is required to get the 
realistically best performance possible.  Figure 5.24(a) and Figure 5.24(b) show the measured strength 
and strain capacity, respectively, for this limited set of data, as a function of the normalized transverse 
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reinforcement ratio (major axis), ρ2*fyt/fc’ (as to be comparable with the ACI 318-14 [1] requirement of 
ρ2,min = 0.09*fc’/fyt). 
  
(a) (b) 
Figure 5.24. Influence of Normalized (Major Axis) Transverse Reinforcement Ratio on (a) Strength, and (b) Strain 
Capacity 
The data indicates that at a normalized transverse reinforcement ratio, ρ2*fyt/fc’, of approximately 
0.25, specimens exhibited a peak strength of at least 1.5 times the unconfined strength (1.7 when all 
bars were restrained), and a strain capacity of at least 3.0%. Note that specimens meeting this 
requirement also have every bar restrained (it is unlikely that this amount of transverse reinforcement 
would be realistic if every other bar was restrained). The ACI 318-14 [1] minimum requirement for 
this parameter is 0.09; which (as previously mentioned for the applicable dataset) also provides 
relatively good performance. The results indicate that to achieve the realistically best performance, a 
minimum normalized transverse reinforcement ratio of 0.25 is would be suggested. 
5.8. Categorization of Boundary Element Detailing Parameters by Performance 
This section presents three distinct levels of boundary element detailing requirements that each 
represent a certain level of expected performance. The first level is representative of the ACI 318-14 
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[1] minimum requirements for special boundary elements within special structural walls. The 
subsequent levels each contain improvements to certain detailing parameters based on the hierarchy 
described in Section 5.7. The purpose of this categorization is to present the expected performance 
of the current ACI 318-14 [1] detailing requirements, as well as provide suggested improvements that 
can provide additional qualitative performance benefits. Note that the boundary element length, which 
is one of the detailing requirements in ACI 318-14 [1], is excluded from this categorization, as uniaxial 
tests of rectangular reinforced concrete prism members alone does not provide any insight into this 
design parameter. A separate investigation into the effects of boundary element length is provided in 
Chapter 6. 
Table 5.1 is a summary of the expected performance of boundary elements detailed to each of the 
three specific levels of detailing. A summary of the detailing requirements and performance for each 
level of detailing follows the table. 
Table 5.1. Expected Performance by Level of Detailing 
 
Expected Strength 
(fcc’/fc’) 
Expected Strain Capacity 
(ε20% Loss) 
Detail Level 1 
(ACI 318-14 SBE) 
1.2 0.5% 
Detail Level 2 1.5 2.0% 
Detail Level 3 1.7 3.0% 
 
Detail Level 1 is equivalent to the ACI 318-14 [1] minimum requirements for special boundary 
elements. Figure 5.25 shows a representative wall boundary element with the applicable boundary 
element detailing parameters. Note that this level of detailing does not include any requirements on 
the development of the transverse reinforcement. 
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Figure 5.25. Detail Level 1: Detailing Requirements 
Figure 5.26(a) and Figure 5.26(b) show the peak measured strength and strain capacity, respectively 
for the full experimental prism database, with those specimens falling into Detail Level 1 highlighted. 
As shown, at an s/db of 6 (consistent with the maximum permitted for Detail Level 1), the expected 
additional confined strength is minimal, with an average of approximately 1.2 times the unconfined 
strength. Furthermore, the expected strain capacity of specimens at this detail level with an s/db of 6 
is approximately 0.5%. This result indicates that boundary elements designed to the minimum ACI 
318-14 [1] requirements for special boundary elements will exhibit negligible confined strength or 
strain capacity benefits. 
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(a) (b) 
Figure 5.26. Detail Level 1: Measured (a) Peak Strength, and (b) Strain Capacity 
Figure 5.26 also indicates that if the transverse reinforcement is developed, and spaced at an s/db 
of 4, the performance is greatly improved.  Figure 5.27 shows the detailing requirements for Detail 
Level 2, which includes various detailing improvements (over Detail Level 1) including a reduced s/db 
limit, developed transverse reinforcement, and reduced spacing of restrained longitudinal bars. Note 
that Detail Level 2 does not require every bar to be restrained, similar to Detail Level 1. 
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Figure 5.27. Detail Level 2: Detailing Requirements 
Figure 5.28(a) and Figure 5.28(b) show the measured peak strength and strain capacity, 
respectively, for the entire experimental prism database, with specimens that fall into the Detail Level 
2 category highlighted. The data suggests that the expected compressive strength of boundary 
elements detailed to meet the requirements of Detail Level 2 is at least 1.5 times the unconfined 
strength. Furthermore, the expected strain capacity of members meeting these detailing requirements 
is at least 2.0%. 
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(a) (b) 
Figure 5.28. Detail Level 2: Measured (a) Peak Strength, and (b) Strain Capacity 
The detailing requirements for Detail Level 3 are shown in Figure 5.29. This level of detailing is a 
combination of the best reasonable values for each of the detailing parameters discussed in the 
hierarchy presented in Section 5.7, and is intended to provide the best performance. Detail Level 3 
improves on the requirements of Detail Level 2 by means of requiring every longitudinal bar to be 
restrained, and a higher transverse reinforcement ratio. 
 
Figure 5.29. Detail Level 3: Detailing Requirements 
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Figure 5.30(a) and Figure 5.30(b) show the measured peak strength and strain capacity for the 
entire database of prism tests, with those meeting the requirements of Detail Level 3 highlighted. The 
data indicates that the expected peak strength for specimens within this level of detailing is 
approximately 1.7 times the unconfined strength on average, and the expected strain capacity is at 
least 3.0%. Although this level of detailing may pose constructability issues, the purpose of this Detail 
Level is to present what is required to provide the best possible performance (within reason). 
  
(a) (b) 
Figure 5.30. Detail Level 3: Measured (a) Peak Strength, and (b) Strain Capacity 
5.9. Summary of Parametric Influences 
This chapter provided a summary of the influence of various testing and detailing parameters on 
the strength and strain capacity of rectangular reinforced concrete prism compression members. The 
results are based on the experimental data collected throughout this research (reported in Chapter 4), 
supplemented by collection of existing data from similar testing [12], [20], [21], [23], [24] (described in 
Chapter 3). 
The following trends are observed with respect to the testing parameters associated with this 
experimental program: 
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 Boundary elements meeting the minimum special boundary element and ordinary boundary 
element provisions of ACI 318-14 [1] exhibited limited additional confined strain capacity as 
compared with unconfined reinforced concrete boundary elements. Only boundary elements with 
continuous rectilinear closed hoops around every bar appear to perform as expected. 
 The use of crossties significantly reduces the strength and deformation capacity of rectangular 
reinforced concrete prism sections. Crossties, either with 90o-135o or 135o-135o hooks, do not 
appear to provide significant restraint against longitudinal bar buckling. This result is consistent 
throughout the various detailing configurations tested, indicating that crossties and rectilinear 
hoops may not be interchangeable, as indicated by the ACI 318-14 [1] requirements. 
 Test results indicate that the stability of the longitudinal reinforcement is directly related to the 
deformation capacity of rectangular reinforced concrete prism sections. Comparisons of identical 
specimens with and without longitudinal reinforcement show significantly increased deformation 
capacity in the confined core only in the case where each longitudinal bar is restrained in each 
direction by a rectilinear closed hoop. 
 Tensile strain prior to significant compressive loading substantially affects the strength of 
confined concrete in rectangular sections. Specifically, tensile strains of 2.0% and 5.0% result in 
compressive strength reductions of 20% and 50%, respectively, in ACI 318-14 [1] compliant 
ordinary and special boundary element specimens. 
This chapter also provided a summary of the influence of specific ACI 318-14 [1] detailing 
parameters including (i) spacing of transverse reinforcement, (ii) development of transverse 
reinforcement, (iii) transverse reinforcement ratio, and (iv) spacing and regularity of restrained 
longitudinal reinforcement. The results indicate that above all, the ratio of the spacing of transverse 
reinforcement to the longitudinal bar diameters, s/db, and the development of the transverse 
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reinforcement have the most influence on compressive performance.  Furthermore, various levels of 
detailing were suggested based on specified expected performance goals, as follows: 
 Detail Level 1: Consistent with the minimum ACI 318-14 [1] minimum requirements for 
special boundary elements, the expected peak strength and strain capacity for this detailing 
level are approximately 1.2*fc’ and 0.5%, respectively. 
 Detail Level 2: Building on Detail Level 1, the requirements for this level of detailing also 
include a maximum s/db of 4, a new absolute maximum spacing of restrained longitudinal 
reinforcement of 8 in., and fully developed transverse reinforcement. The expected peak 
strength and strain capacity for Detail Level 2 are 1.5*fc’ and 2.0%, respectively. 
 Detail Level 3: Building on Detail Level 2, the requirements for this level of detailing also 
include a higher minimum transverse reinforcement ratio of 0.25*fc’/fyt, and that all 
longitudinal bars are restrained. The expected peak strength and strain capacity for Detail 
Level 2 are 1.7*fc’ and 3.0%, respectively. 
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Chapter 6: Analytical Modeling of Boundary Elements and Structural 
Walls 
This chapter presents the methods and results of the analytical modeling program completed 
throughout this project. Specifically, existing methods (i.e., Mander et al. [25]) of predicting 
performance of rectangular reinforced concrete prism compression members (representative of 
boundary elements in structural walls) are compared with the test results from the experimental 
program. Furthermore, more accurate modeling parameters for rectangular RC members are proposed 
and validated using the existing database of rectangular specimen tests described in Chapter 2. The 
proposed modeling parameters are also validated through implementation into structural wall models 
simulating an existing database of wall tests, also described in Chapter 2. 
Section 6.1 is an assessment of the accuracy of the modeling parameters suggested by Mander et 
al. [25], while Section 6.2 presents proposed modifications and alternative methods where the existing 
model is inaccurate. Section 6.3 presents a proposed simplified constitutive model for confined 
concrete in rectangular members, using the modeling parameters proposed in the previous section. 
Section 6.4 is a summary of existing methods for accurately modeling structural walls using line 
elements, indicating an improvement in accuracy of these methods through the use of the previously 
proposed constitutive model and modeling parameters. Lastly, Section 6.5 is a study into the effects 
of wall boundary element length by means of a suite of analyses of prototypical walls based on the 
performance-based detailing levels described in Chapter 5, using the modeling techniques validated in 
the previous section. 
6.1. Accuracy of Predicted Stress and Strain Capacity per Mander et al. [25] 
This section summarizes the accuracy of the predictive model for peak strength and strain capacity 
suggested by Mander et al. [25], with respect to rectangular reinforced concrete prism compression 
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members. Section 6.1.1 is a review of the Mander model formulations for peak stress and strain 
capacity. Section 6.1.2 shows the accuracy of the Mander model as compared with the results of the 
testing performed throughout this project. Section 6.1.3 is an investigation into the accuracy of the 
Mander model based on specific detailing parameters, and lastly Section 6.1.4 presents the accuracy 
of the Mander model with respect to the three detailing levels described in Chapter 5. 
6.1.1. Peak Stress and Strain Capacity per Mander et al. [25] 
In a paper published in 1988, Mander et al. [25] presented recommendations for predicting the 
compressive strength and strain capacity of confined concrete within rectangular reinforced concrete 
prism members. Their model was based on the experimental results of a suite of rectangular reinforced 
concrete prism compression tests (described in Chapter 2) published in a companion paper [20]. In 
addition to the formulations for peak stress and strain capacity, Mander et al. [25] suggested the use 
of the stress-strain curve proposed by Popovics [49]. The resulting constitutive model is shown in 
Figure 6.1, where fcc’ is the peak confined strength, and εcu is the strain capacity based on first hoop 
fracture. 
 
Figure 6.1. Proposed Stress-Strain Model for Confined and Unconfined Concrete [25] 
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6.1.1.1. Peak Confined Stress 
In the model, the peak confined stress is based on the effective confining stress provided by the 
transverse reinforcement in each direction. The effective confining stress is determined by reducing 
the confining stress (defined as the transverse reinforcement ratio in a given direction multiplied by 
its yield stress) by a factor, ke, which accounts for arching action in both the vertical and horizontal 
directions. This factor is equivalent to the effective confined core cross-sectional area (based on 
arching effects), Aeff, divided by the confined core cross-sectional area, Acc (defined in ACI 318-14 [1] 
Ach). The effective confined area is depicted in Figure 6.2 as presented by Mander et al [25]. Note that 
in this formulation for effective area, it is unclear as to whether unrestrained longitudinal bars are 
included in the arching action; all of the specimens tested by Mander et al. [25] had every bar restrained. 
In their paper, the Mander et al. [25] expression for the effective confined core area w based on the 
number of longitudinal bars, and therefore it is inferred that this refers to all longitudinal bars, and 
not just those restrained by transverse reinforcement. 
 
Figure 6.2. Formulation of Effectively Confined Core Area in Rectangular Sections [25] 
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Once the effective confining stress is determined in each direction of the rectangular section, they 
are combined using the chart shown in Figure 6.3 to determine the peak confined stress of the core 
concrete. Note that a numerical solution for the chart in Figure 6.3 was presented a few years later by 
Chang and Mander [50]. 
 
Figure 6.3. Confined Strength Determination in Rectangular Sections [25] 
6.1.1.2. Strain Capacity 
The strain capacity formulation suggested by Mander et al. [25] is based on the strain at which the 
first instance of hoop fracture occurs. This theory was previously proposed by Scott et al. [51], in 
which a simple expression for estimation of the ultimate strain, εcu, was suggested, as shown in 
Equation 6.1. The expression is based on tests of square members, however Mander et al. [25] note 
that it is an acceptable estimation for circular, square, or rectangular sections. 
 εcu = 0.004 + 0.9ρs (
fyt [MPa]
300
) Equation 6.1 
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Where, 
ρs is the volumetric transverse reinforcement ratio, and 
fyt is the yield stress of the transverse reinforcement. 
 
A more theoretical approach was suggested by Mander et al. [25], which used an energy-based 
approach based on the energy stored in the transverse reinforcement. In general, this energy-based 
approach can be described by Equation 6.2, in which Ush is the strain energy capacity of the transverse 
reinforcement per unit volume of concrete core, Ucc is the strain energy of the confined concrete, Uco 
is the strain energy of the unconfined concrete, and Usc is the strain energy required to maintain yield 
in the longitudinal reinforcement. Each of these strain energies is calculated as the area under the 
stress-strain curve up to the ultimate strain capacity, εcu. 
 Ush = Ucc + Usc - Uco Equation 6.2 
 
This method does not have an explicit solution, and thus the ultimate strain capacity must be 
solved for numerically. For this reason, this method is rarely practical, and therefore the simplified 
estimation in Equation 6.1 is employed throughout this chapter (as would be typical in design). 
6.1.2. Accuracy of Mander et al. [25] in Predicting Specimen Response 
The purpose of this section is to present the accuracy of the model proposed by Mander et al. [25] 
in predicting the measured response of the specimens tested throughout this project. The stress-strain 
curve proposed by Popovics [49] is used along with the peak confined stress and strain capacity 
predicted using the formulations by Mander et al. [25] and Scott et al. [51]. As no hoop fracture type 
failures were observed during testing, it was impossible to exactly compare the measured response 
with the predicted response. Therefore, measured strain capacity was taken as the strain corresponding 
to a 20% loss in load-carrying capacity, as previously discussed, and the measured compressive 
response was then compared with the predicted stress-strain response. 
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The predicted stress-strain response was calculated using a fiber-based zero-length element in 
OpenSEES [26]. Both the confined and unconfined concrete fibers were modeled using the embedded 
Concrete02 material model, which corresponds to the Popovics [49] stress-strain curve. The predicted 
peak confined stress and strain capacity were based on the formulations discussed in Section 6.1.1. 
The longitudinal bars were modeled using the Steel01 material model, which is a bilinear estimation. 
The slope of the second branch was determined using the measured slope between the yield and 
ultimate strength of the longitudinal steel.  
Table 6.1 lists the accuracy of the predictive model for both peak stress and strain capacity for 
each specimen within the experimental program. Note that the table only includes specimens where 
the detailing was varied; specimens with debonded longitudinal reinforcement, tensile pre-strain, and 
no longitudinal reinforcement are excluded, as the predictive model does not account for these testing 
parameters. Plots showing the predicted versus measured response of representative specimens follow 
the table. 
Table 6.1. Estimation of Response of Specimens using Mander Model 
Specimen Detail 
Load 
Protocol 
Peak Stress 
(Meas./Pred.) 
Strain Cap. 
(Meas./Pred.) 
CS1 SBE Cyclic 0.77 0.64 
CS5 SBE Monotonic 0.84 0.56 
CS6 xSBE Cyclic 1.04 0.93 
CS7 xSBE Monotonic 0.98 0.84 
CS8 OBE Cyclic 0.90 0.33 
CS9 OBE Monotonic 0.96 0.31 
CS10 xSBE Var. 1 Cyclic 0.77 0.57 
CS11 xSBE Var. 1 Monotonic 0.69 0.59 
CS14 SBE Var. 1 Cyclic 0.64 0.28 
CS15 SBE Var. 1 Monotonic 0.68 0.38 
CS16 xSBE Var. 2 Cyclic 0.88 0.62 
CS17 xSBE Var. 3 Cyclic 0.9 0.62 
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The predicted versus measured response of specimen CS8 is shown in Figure 6.4. Specimen CS8 
was detailed as an “ordinary” boundary element (OBE) using all rectilinear hoops, as described further 
in Chapter 3. As shown, the predictive model significantly overestimates both the peak stress and 
strain capacity. The model overestimates the speak strength by approximately 30%, and the strain 
capacity by a factor of nearly 4. 
 
Figure 6.4. Predicted vs. Measured Response of OBE Specimen (CS8) 
The predicted response for the SBE class specimens are shown in Figure 6.5(a) and Figure 6.5(b), 
in which the transverse reinforcement is fully developed (hoops) and undeveloped (90o-135o crossties), 
respectively. The model overestimated the peak stress in each case, but more significantly (by 
approximately 50%) where undeveloped crossties were used to restrain the intermediate longitudinal 
reinforcement. Similarly, the model overestimated the strain capacity by a factor of about 1.5 in the 
fully developed case, and over 5 in the undeveloped case. 
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(a) – Specimen CS1 (b) – Specimen CS14 
Figure 6.5. Predicted vs. Measured Response of (a) SBE (CS1), and (b) SBE Var. 1 (CS14) 
The predicted response of the xSBE class specimens is shown in Figure 6.6. It is noted that the 
model only accurately predicts the peak stress and strain capacity in the case where every longitudinal 
bar is restrained by developed transverse reinforcement (rectilinear hoops in this case), shown in 
Figure 6.6(a). Where 135o-135o crossties (more developed as compared with 90o-135o crossties) were 
used, the predicted peak stress was reasonably accurate, however the strain capacity was overestimated 
by at least 30% (shown in Figure 6.6(c) and Figure 6.6(d)). In Figure 6.6(b), every other bar was 
restrained by developed transverse reinforcement (rectilinear hoops), and the intermediate bars were 
restrained by undeveloped 90o-135o crossties. A comparison of this specimen with the measured 
response shown in Figure 6.5(a) indicates the crossties were not providing any benefit; in this case the 
model overestimated the peak stress by about 15%, and the strain capacity by a factor of nearly 2. 
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(a) – Specimen CS6 (b) – Specimen CS10 
  
(c) – Specimen CS16 (d) – Specimen CS17 
Figure 6.6. Predicted vs. Measured Response of (a) xSBE (CS6), (b) xSBE Var. 1 (CS10), (c) xSBE Var. 2 (CS16), and (d) 
xSBE Var. 3 (CS17) 
6.1.3. Accuracy of Mander et al. [25] for Various Detailing Parameters 
The purpose of this section is to identify the specific salient detailing with respect to the accuracy 
of the predicted peak stress and strain capacity proposed by Mander et al. [25]. The results presented 
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in this section are used later in this chapter in developing modifications and alternatives to the Mander 
model in order to more accurately predict the compressive response. Supplemental prism tests (as 
described in Chapter 2) are used in this section, in a similar fashion as in Chapter 5, to provide 
additional data points for comparison purposes. 
As previously noted, the majority of the tests performed by Mander et al. [25] that were used in 
developing the Mander model had s/db ratios of less than 4, with many even as low as nearly 2. In all 
of those tests, every longitudinal bar was restrained by developed transverse reinforcement, and 
therefore it is not surprising that the Mander model is reasonably accurate for the developed xSBE 
specimen (Figure 6.6(a)) in which all of these detailing parameters were met. However, as these 
detailing parameters are relaxed, the Mander model becomes less accurate, as shown in the previous 
section. 
6.1.3.1. Spacing of Transverse Reinforcement (s/db) 
The ratio of the spacing of the transverse reinforcement to the longitudinal bar diameter, s/db, has 
already been shown to have a significant impact on the compressive performance of confined 
concrete. As might be expected, the Mander model significantly overestimated the strain capacity for 
larger s/db ratios. However, s/db does not appear to have as significant of an effect on the predicted 
peak stress. Figure 6.7(a) and Figure 6.7(b) show the Mander predicted peak stress and strain capacity, 
respectively; OBE class specimens are differentiated from SBE class specimens in the figure, as well 
as those with every bar restrained as opposed to every other bar restrained. This differentiation allows 
some insight into the variability in accuracy for similar s/db ratios. Note that all of the specimens shown 
in Figure 6.7 have fully developed transverse reinforcement. 
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(a) (b) 
Figure 6.7. Effect of s/db on Measured vs. Predicted (a) Peak Stress, and (b) Strain Capacity 
6.1.3.2. Development of Transverse Reinforcement 
The effect of the development of the transverse reinforcement has a significant impact on the 
compressive response, as previously shown. Recalling that all of the tests performed by Mander et al. 
[25] had fully developed transverse reinforcement, it is unsurprising that the Mander model was not 
accurate in predicting the peak stress or strain capacity for specimens without developed transverse 
reinforcement. 
As will be discussed further (see Section 6.2) the development of the crossties appeared to be 
controlled by the 90o bend. For purposes of comparison, the development of the transverse 
reinforcement can be expressed as a ratio, kCT, equal to the development length of the crosstie in the 
core, ld,CT (as depicted by Figure 6.8), divided by the minimum ACI 318-14 [1] development length for 
a hooked bar, ldh,ACI. 
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Figure 6.8. Development Length of 90o-135o Crossties 
Figure 6.9(a) and Figure 6.9(b) show the predicted peak stress and strain capacity per the Mander 
model for specimens with various levels of development of the transverse reinforcement. Again, for 
clarity the specimens are differentiated by detail class (OBE or SBE), and by the regularity of restrained 
longitudinal reinforcement. The specimens in Figure 6.9 had similar s/db ratios (between 4 and 5) to 
specifically target the effect of crosstie development. Figure 6.9(a) shows that the predicted peak 
strength was only reasonably accurate where the ld,CT is at least 80% of ldh,ACI, if all longitudinal bars 
were restrained. Figure 6.9(b) indicates that the predicted strain capacity was only accurate where the 
transverse reinforcement was fully developed in an SBE specimen.  
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(a) (b) 
Figure 6.9. Effect of Crosstie Development on Measured vs. Predicted (a) Peak Stress, and (b) Strain Capacity 
It is important to note, however, that the model was only reasonably accurate for predicted strain 
capacity when s/db was 4 or less, which is not indicative of the minimum ACI 318-14 [1] requirement 
for special boundary elements, where the maximum s/db is 6. In other words, these results do not 
necessarily indicate that the Mander model predicted strain capacity would be accurate for ACI 318-
14 [1] special boundary elements that just meet the minimum requirements simply because the 
transverse reinforcement was fully developed. 
6.1.3.3. Regularity of Restrained Longitudinal Reinforcement 
The previous sections allude to the fact that the regularity of restrained longitudinal bars also has 
a significant impact on the accuracy of the predicted peak stress and strain. As mentioned before, the 
Mander model is based on tests where all bars are restrained, and in fact suggests that the arching 
action which defines the effectively confined core area occurs at all longitudinal bars. With this 
formulation, the data showed that the Mander model overestimated both the peak stress and strain 
capacity where only every other bar is restrained. 
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Figure 6.10(a) and Figure 6.10(b) show the accuracy of the predicted peak stress and strain 
capacity, respectively, for specimens of varied regularity of restrained longitudinal reinforcement. The 
regularity is quantified as the number of restrained longitudinal bars, nl,restr, divided by the total number 
of longitudinal bars, nl,tot. The set of data shown in Figure 6.10 is differentiated by detail classification; 
all specimens had developed transverse reinforcement. No trend was observed in the predicted peak 
stress for OBE class specimens, however the estimation appears to be reasonably accurate. For the 
SBE class specimens, the predicted peak stress was reasonably accurate; the accuracy appeared to 
increase as more longitudinal bars were restrained.  
The predicted strain capacity in the OBE class specimens was greatly overestimated, regardless of 
the regularity of restrained longitudinal reinforcement. This was not surprising, as the OBE class 
specimens did not exhibit any significant strain capacity However, the accuracy appeared to be directly 
linked to the regularity of restrained longitudinal bars for SBE class specimens, with the model being 
reasonably accurate when all longitudinal bars are restrained. 
  
(a) (b) 
Figure 6.10. Effect of Regularity of Restrained Longitudinal Reinforcement on Measured vs. Predicted (a) Peak Stress, 
and (b) Strain Capacity 
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6.1.3.4. Average Confining Stress, fl 
The average confining stress is a simplified (yet estimated) means for combining the confined 
stress in each direction (where confining stress is the transverse reinforcement ratio multiplied by the 
yield stress) as opposed to using the chart shown in Figure 6.3. The average confined stress is used 
here for simplicity, and is used later in this chapter in developing a predictive model for strain capacity. 
This allows for much easier (and reasonably accurate) estimation of strain capacity. 
Figure 6.11(a) and Figure 6.11(b) show the accuracy of the Mander model in predicting the peak 
stress and strain capacity respectively. The dataset in these figures is limited to specimens with fully 
developed transverse reinforcement and is differentiated by detail class, as well as regularity of 
restrained longitudinal reinforcement. The data suggests that the Mander model is reasonably accurate 
in predicting the peak stress across a range of average confining stresses. However, the strain capacity 
was significantly overestimated in OBE class specimens, and in SBE specimens where every other bar 
is restrained. 
  
(a) (b) 
Figure 6.11. Effect of Average Confining Stress on Measured vs. Predicted (a) Peak Stress, and (b) Strain Capacity 
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6.1.4. Accuracy of Mander et al. [25] for Performance-Based Detailing Levels 
The purpose of this section is to quantify the accuracy of the model proposed by Mander et al. 
[25] in predicting the compressive response for each of the three performance-based detailing levels 
developed and described in Section 5.8. This study is intended to inform the designer as to when it is 
appropriate to use the Mander model, and when it is necessary to use the alternative methods 
developed later in this chapter to determine the strength and strain capacity. These levels of detailing 
are based on the measured response of the test results from this experimental program and 
supplemental existing data, and correspond to specific expected strengths and strain capacities. See 
Section 5.8 for more information regarding the development of these detailing levels. 
Previous sections discussed the fact that the Mander formulation for the effectively confined core 
area assumes that arching occurs at each longitudinal bar, regardless of if it is restrained. It is not clear 
from the literature, however, in the case of every other longitudinal bar being restrained, if Mander et 
al. [25] would assume arching action to occur at each bar or only at the restrained bars. Previous 
sections in this chapter were based on the assumption that all bars contributed to the arching effects, 
staying true to the original recommendations by Mander et al. [25], to specifically study the accuracy 
of the model. This section is intended to reflect a realistic approach that might be employed by a 
designer, and therefore the effectively confined core area is based on arching affecting only restrained 
bars, as shown in Figure 6.12. This assumption is based on the discussion in Chapter 5 that clearly 
indicates that unrestrained longitudinal reinforcement does not contribute to confinement as 
significantly as restrained longitudinal reinforcement. Further validation for this approach is discussed 
later in this chapter. 
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Figure 6.12. Effectively Confined Core Area where (a) all Bars Contribute to Arching, and (b) Restrained Bars 
Contribute to Arching 
6.1.4.1. Detail Level 1 (ACI 318-14 [1] Minimum Detailing for Special Boundary Elements) 
Detail Level 1 is indicative of the minimum detailing requirements per ACI 318-14 [1] for special 
boundary elements in special reinforced concrete structural walls. The detailing requirements are 
shown in Figure 6.13. This level of detailing is expected to provide a compressive strength of 
approximately 1.2 times the unconfined strength of the concrete, and a strain capacity of 
approximately 0.5% or less. 
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Figure 6.13. Detailing Requirements for Detail Level 1 
Figure 6.14(a) and Figure 6.14(b) show the accuracy of the Mander model with respect to the 
strength and strain capacity of specimens meeting Detail Level 1. The figure includes the entire 
database of prism tests, including those in this experimental program, with specimens falling into the 
Detail Level 1 category highlighted. The data is also differentiated in the plot by specimens with 
developed transverse reinforcement, and those without. The data suggests that the Mander model was 
reasonably accurate in determining the strength (within about 10-15%) for this type of detail, however 
only when all of the transverse reinforcement is fully developed, indicating the need for an adjustment 
factor for this scenario. The strain capacity was significantly overestimated in all cases for this level of 
detailing, indicating the need for an alternative method for predicting the strain capacity. 
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(a) (b) 
Figure 6.14. Accuracy of Mander Model for Detail Level 1 
6.1.4.2. Detail Level 2 
Detail Level 2 builds on the requirements of Detail Level 1 by limiting s/db to 4 (as opposed to 6), 
requiring fully developed transverse reinforcement, and limiting the absolute spacing of restrained 
longitudinal bars to 8 in. (as opposed to 14 in.).  Note that, like Detail Level 1, only every other 
longitudinal bar is required to be restrained. The detailing requirements for Detail Level 2 are shown 
in Figure 6.15. The expected compressive strength for this level of detailing is approximately 1.5 times 
the unconfined concrete strength, and the strain capacity is expected to be about 2.0%. 
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Figure 6.15. Detailing Requirements for Detail Level 2 
Figure 6.16(a) and Figure 6.16(b) show the accuracy of the Mander model in predicting the 
strength and strain capacity respectively for the entire database of experimental tests, with those falling 
into Detail Level 2 highlighted. As shown, the Mander model was relatively accurate in predicting the 
strength, within approximately 15% of the measured value. However, the model did not accurately 
predict the strain capacity unless an unrealistic s/db ratio (between 2 or 3) is used. This indicates the 
need for an alternative method for predicting the strain capacity for rectangular sections falling into 
the Detail Level 2 category. 
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(a) (b) 
Figure 6.16. Accuracy of Mander Model for Detail Level 2 
6.1.4.3. Detail Level 3 
Detail Level 3 builds on the requirements of Detail Level 2, however in this case each longitudinal 
bar must be restrained, and the minimum transverse reinforcement ratio must be at least 0.25*fc’/fyt. 
The detailing requirements for Detail Level 3 are shown in Figure 6.17. The expected strength and 
strain capacity from this level of detailing are approximately 1.7 times the unconfined strength of the 
concrete, and about 3.0%, respectively. 
 
Figure 6.17. Detailing Requirements for Detail Level 3 
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Figure 6.18(a) and Figure 6.18(b) show the accuracy of the Mander model in predicting the 
strength and strain capacity, respectively, for Detail Level 3. The figure includes the full set of 
experimental data (including supplemental datasets), with those specimens falling into Detail Level 3 
highlighted. The data suggested that the Mander model was reasonably accurate (within about 15%) 
in predicting the confined strength and strain capacity of rectangular sections meeting the 
requirements of Detail Level 3, and is therefore an appropriate means by which to estimate their 
performance. 
  
(a) (b) 
Figure 6.18. Accuracy of Mander Model for Detail Level 3 
6.1.5. Summary of the Accuracy of the Model Proposed by Mander et al. [25] 
Section 6.1 presented the accuracy of the modeling parameters suggested by Mander et al. [25] 
with respect to the compressive performance of rectangular reinforced concrete prism members. This 
review included a comparison of the measured stress-strain response with the predicted response using 
the Mander strength and strain capacity parameters along with the Popovics [49] stress-strain curve, 
as well as observations on the accuracy of the model in predicting the strength and strain capacity 
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based on specific detailing parameters and various performance-based levels of detailing. This review 
led to the following conclusions on the accuracy of the Mander model: 
 The model by Mander et al. [25] significantly overestimated both the strength and strain 
capacity of rectangular compression members unless every longitudinal bar was restrained 
and the transverse reinforcement was fully developed and spaced at a maximum s/db of 4. 
 A more realistic approach to estimating the effectively confined core area by means of 
including arching effects only at restrained bars significantly improved the accuracy of the 
model for members with developed transverse reinforcement. 
 The Mander model was only appropriate for certain performance-based levels of detailing, 
as follows: 
o Detail Level 1: The model was reasonably accurate in predicting the confined 
strength if arching is assumed only at restrained longitudinal bars and the 
transverse reinforcement is fully developed. The model was not accurate in 
predicting strain capacity. 
o Detail Level 2: The model was reasonably accurate in predicting the confined 
strength. For realistic s/db ratios (closer to 4), the model was not accurate in 
predicting the strain capacity. 
o Detail Level 3: The model was a reasonably accurate tool for predicting both the 
confined strength and the strain capacity. 
 The data suggests that the following modifications and alternatives to the Mander model 
are needed: 
o A reduction factor for use in predicting strength where transverse reinforcement 
is not developed. 
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o An Alternative method for determining the strain capacity in members with any 
of the following: (i) s/db > 4, (ii) every other longitudinal bar restrained, and (iii) 
the transverse reinforcement is not developed. 
6.2. Modifications to Mander et al. [25] Predicted Strength and Strain Capacity 
The purpose of this section is to present the development of the necessary modifications and 
adjustments to the predicted strength and strain capacity suggested by Mander et al. [25], in order to 
improve accuracy, as outlined in Section 6.1.5. Section 6.2.1 is a summary of the modifications to the 
Mander predicted strength required to account for when every other longitudinal bar is restrained (as 
opposed to every bar), or for undeveloped transverse reinforcement. Section 6.2.2 presents an 
alternative method for estimating the strain capacity for rectangular sections that do not meet the 
detailing requirements for Detail Level 3 (as described in Section 6.1.4.3). 
6.2.1. Predicted Compressive Strength 
The model proposed by Mander et al. [25] appears to be an adequate means of estimating the 
confined strength of rectangular reinforced members, unless only every other longitudinal bar is 
restrained, or if the transverse reinforcement is undeveloped. As previously described, the Mander 
model was based on tests where every longitudinal bar was restrained, and therefore assumed that all 
longitudinal reinforcement contributed to the effective confined core area. However, a more realistic 
approach is to consider only restrained bars in determining the effectively confined core. Figure 6.19 
shows this approach, as previously discussed. Using this approach, Equation 6.3 (by Mander et al. 
[25]) can be used to determine the effective confining stress in each direction, including the amount 
of transverse reinforcement indicated in Figure 6.20.  
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Figure 6.19. Formulation of Effectively Confined Core Area by (a) Mander et al. [25], and (b) as Proposed 
 fl,i
' =
Aeff
bc1bc2
(
Ash,i
sbc,i
) fyt,  i=1,2 Equation 6.3 
 
 
Figure 6.20. Transverse Reinforcement Area for the Major Axis (Section A-A) and Minor Axis (Section B-B) 
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After calculating the effective confining stress in each direction, the peak confined strength can 
be determined using the chart shown in Figure 6.3, or using Equation 6.4, where k1 and x’ are 
determined using the numerical solution presented by Change and Mander [50]. 
 fcc
' =fc
' (1+k1x
') Equation 6.4 
 
The confinement effectiveness factor suggested by Mander et al. [25] is the ratio between the 
effective confined core area, Aeff, and the core area, bc1*bc2, is denoted by ke.  To differentiate this in the 
adjusted approach, the confinement effectiveness factor adjusted by the assumption of arching only 
at restrained longitudinal bars is denoted ke,adj. To validate this approach, the measured confinement 
effectiveness factor is back-calculated using the numerical solution presented by Chang and Mander 
[50]. Figure 6.21 is a comparison of the measured confinement effectiveness factor for this 
experimental program with the value predicted by Mander et al. [25], while Figure 6.22 compares the 
measured values to those predicted using the adjusted confinement effectiveness factor. Note that 
specimens with and without developed transverse reinforcement are differentiated in the figure. 
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Figure 6.21. Comparison of Measured vs. Predicted (per Mander et al. [25]) Confinement Effectiveness Factor 
 
Figure 6.22. Comparison of Measured vs. Predicted (per Adjusted Mander et al. [25]) Confinement Effectiveness Factor 
As shown, for specimens with developed reinforcement, the adjusted formulation for the effective 
confined area provides a much better estimation as compared with the original Mander formulation.  
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.2 0.4 0.6 0.8 1.0
k
e
M
ea
su
re
d
ke = Aeff / (bc1*bc2) Per Mander
Developed Transverse Reinforcement
Undeveloped Transverse Reinforcement
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.2 0.4 0.6 0.8 1.0
k
e
M
ea
su
re
d
ke,adj = Aeff,adj / (bc1*bc2) Per Adjusted Mander
Developed Transverse Reinforcement
Undeveloped Transverse Reinforcement
349 
 
However, in specimens where the transverse reinforcement is not developed, the adjusted Mander 
formulation still significantly overestimates the effectiveness of the confinement. To resolve this issue, 
a simple reduction factor is applied based on the type of crosstie. It is important to distinguish the 
type of crosstie between 90o-135o and 135o-135o (180o-180o crossties are considered fully developed), 
because the failure mode of the crosstie with respect to restraining the longitudinal reinforcement is 
different.  
As shown in Chapter 4, the 90o bends of 90o-135o crossties were observed to bend out of the 
specimen following spalling. Then, it appeared as though the straightened 90o hook was pulled into 
the core, likely by the tensile force from the buckling of the longitudinal bar on the 135o bend end. 
The failure mode is schematically depicted in Figure 6.23(a), with a photo in Figure 6.23(b) showing 
the failure observed during testing.  
 
 
(a) (b) 
Figure 6.23. Failure Mode of 90o-135o Crossties (a) Schematic, and (b) Observed 
It can therefore be assumed that the controlling limit state for the 90o-135o crossties lies in the 
adequacy of the 90o hook to develop the crosstie and restrain the longitudinal bar on the 135o bend 
end from buckling. A simple reduction factor (Equation 6.5) is proposed that accounts for this 
reduction in bar stability, kCT, that is taken as the development length of the crosstie, ld,CT, divided by 
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the ACI 318-14 [1] required development length for hooked bars, ldh,ACI. These quantities were 
previously defined, however are shown in Figure 6.24 for clarity. 
 kCT = 
ld,CT
ldh,ACI
 ≤ 1.0 Equation 6.5 
 
 
Figure 6.24. Development Length of 90o-135o Crossties 
The data suggests that 135o-135o crossties provide a significantly better level of confinement as 
compared to 90o-135o crossties. However, they did not perform as well as fully developed rectilinear 
hoops. Although little data is available, this is likely due to undeveloped hook extensions into the core. 
This failure mode is shown both schematically, and as observed during testing, in Figure 6.25. 
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(a) 
 
(b) 
Figure 6.25. Failure Mode of 135o-135o Crossties (a) Schematic, and (b) Observed 
ACI 318-14 [1] requires the hook extents to be 6db, or at least 3 in., for both the 90
o hook and the 
135o hook. As the specimens in this experimental program were scaled, so were the absolute ACI 318-
14 [1] requirements, such as the 3 in. requirement mentioned above. This resulted in a hook extension 
of 2-1/4 in. It is possible that this may have resulted in the somewhat reduced strength observed in 
these tests. A similar reduction factor (Equation 6.6) is proposed in the case of 135o-135o crossties to 
135
o
 Hook 
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account for this inadequate hook extension length, defined as kCT, or the hook extension, lhook, divided 
by the ACI 318-14 [1] required hook extension, lhook,ACI. 
 kCT = 
lhook
lhook,ACI
 ≤ 1.0 Equation 6.6 
 
The proposed kCT factors for both types of crossties are multiplied by the adjusted Mander 
confinement effectiveness factor, ke,adj, to accurately predict the effectiveness of the confinement. 
Figure 6.26 is a comparison of the measured confinement effectiveness factor for specimens from this 
experimental program to that predicted by the proposed approach. 
 
Figure 6.26. Comparison of Measured vs. Predicted (per Proposed Method) Confinement Effectiveness Factor 
When compared with Figure 6.21, the data suggests that this method for determining the 
confinement effectiveness is substantially more accurate than the model proposed by Mander et al. 
[25]. For further validation, the proposed approach (calibrated using the test results of this 
experimental program) was applied to the database of existing prism specimens. Figure 6.27 shows 
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the accuracy of the proposed formulation, and as shown, the proposed method provides excellent 
correlation (0.94) between the measured and predicted data. 
 
Figure 6.27. Validation of Proposed Formulation for Peak Confined Stress 
6.2.2. Predicted Strain Capacity 
The Mander et al. [25] estimated strain capacity (by means of the simplified expression proposed 
by Scott et al. [51], as previously discussed) has been shown to be accurate only when all bars are 
restrained, s/db is less than or equal to 4, the transverse reinforcement is fully developed, and the 
transverse reinforcement ratio is greater than 0.25*fc’/fyt. This section presents an alternative method 
for estimating the strain capacity, based on various detailing parameters that would be simple for any 
design engineer to compute. These detailing parameters include the regularity of restrained 
longitudinal bars, the average confining stress, s/db, and the development of the transverse 
reinforcement. Note that the accuracy of the Mander model for each of these parameters is discussed 
in Section 6.1.3.  
In this section, correlation with the measured strain capacity is shown for these detailing 
parameters. The proposed expression for predicting strain capacity follows, which, similar to the 
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formulation for the peak confined stress, is calibrated using the test results from this experimental 
program. At the end of the section, the proposed expression is validated by means of the existing 
database of prism tests (described in Chapter 2). 
The test results clearly show that specimens with all longitudinal bars restrained perform better 
than those with every other bar restrained. This regularity is quantified by the number of restrained 
bars divided by the total number of bars, or nl,restr/nl,tot. Figure 6.28 shows the measured strain capacity 
as a function of nl,restr/nl,tot for the SBE and xSBE specimens with fully developed transverse 
reinforcement (CS1 and CS5, CS6 and CS7). The SBE specimens had every other longitudinal bar 
restrained, and the xSBE specimens had every longitudinal bar restrained. As they had equivalent s/db 
ratios, this resulted in a slightly higher transverse reinforcement ratio; however, this increase was small 
(under 0.5%), and as they were both relatively high (approximately 1.5%), this likely had a minimal 
effect on the strain capacity. As shown in the figure, for the available data, it appears that the regularity 
of restrained longitudinal reinforcement directly correlates with the measured strain capacity. 
 
Figure 6.28. Correlation of the Regularity of Restrained Longitudinal Reinforcement to the Measured Strain Capacity 
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As previously mentioned, the average confining stress, ρs*fyt, (as determined from the transverse 
reinforcement ratio in each direction) is related to the s/db ratio for specimens with similar detailing 
configurations. For this reason, these parameters are combined for the purpose of correlation with 
the measured strain capacity. Figure 6.29 shows the correlation between the measured strain capacity 
and the quantity defined by the average confining stress divided by s/db for all of the specimens in this 
experimental program with fully developed transverse reinforcement. The figure shows excellent 
correlation between this quantity and the measured strain capacity, again nearly linear. 
 
Figure 6.29. Correlation of the Average Confining Stress Normalized by s/db to the Measured Strain Capacity 
Lastly, the development of the transverse reinforcement has been shown to significantly affect the 
strain capacity. To account for this, the reduction factor, kCT, proposed for use in the peak confined 
stress formulation is used. For 90o-135o crossties, this factor is based on the developed length of the 
crosstie (measured from the 90o hook); for 135o-135o crossties, this factor is based on the development 
of the hook extents into the core. See Section 6.2.1 for more information regarding this reduction 
factor.  
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To provide more accurate results, the reduction factor for development of transverse 
reinforcement developed for use in prediction of peak confined stress is adjusted by a factor of 1.25. 
This factor is calibrated based on the tests results from specimens within this experimental program. 
Figure 6.30 shows the correlation between 1.25*kCT and the measured strain capacity for the SBE and 
xSBE specimens from this experimental program. The major difference between these two sets of 
data is that the SBE specimens have every other longitudinal bar restrained, and the xSBE specimens 
have every bar restrained. The data suggests good correlation based on 1.25*kCT factor for both sets 
of data. 
 
Figure 6.30. Correlation of 1.25*kCT to the Measured Strain Capacity 
The individual correlations between the parameters described above and the measured strain 
capacity indicate that the relationships are relatively linear. Therefore, each parameter is included in 
the proposed expression for estimated strain capacity with an equal weight, as defined by Equation 
6.7. Note also that the yield stress of the longitudinal reinforcement and the unconfined compressive 
strength of the concrete are included in the expression for normalization of material properties. The 
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constant at the beginning of the expression (1/230) is calibrated based on the data from the specimens 
within only this experimental program. 
 ε20% Loss= (
1
230
)(
fyl
fc
'
)(
nl,restr
nl,tot
)(
ρ
s
fyt
(s db⁄
)
)min {
1.0
1.25kCT
 Equation 6.7 
Where, 
ε20% Loss  is the predicted strain capacity (in./in.), 
nl,restr is the number of restrained longitudinal bars, 
nl,tot  is the total number of longitudinal bars, 
ρs  is the volumetric reinforcement ratio (ρ1 + ρ2), and 
kCT  is the reduction factor for undeveloped transverse reinforcement. 
 
The proposed expression in Equation 6.7 is used to predict the strain capacity for each specimen 
within the experimental program, and compared to the measured strain capacity as shown in Figure 
6.31. The data suggests that the expression provides an excellent approximation of the strain capacity, 
with a strong correlation of 0.99. 
 
Figure 6.31. Measured vs. Predicted Strain Capacity using Proposed Expression 
For further validation, the proposed expression is used to predict the strain capacity for the entire 
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values. As shown, the proposed method provides an excellent estimation of strain capacity, again with 
a strong correlation of 0.96. 
 
Figure 6.32. Validation of Proposed Expression for Strain Capacity 
6.3. Proposed Constitutive Model & Predicted Crushing Energy 
This section presents a proposed constitutive model for predicting the compressive stress-strain 
response of rectangular reinforced concrete prism members. The model uses the peak stress and strain 
capacity predicted using the formulations described in Section 6.2. An accurate constitutive model 
also provides a means with which to estimate the crushing energy of confined concrete, which is used 
in Section 6.4 in structural wall modeling. The shape and parameters corresponding to this proposed 
constitutive relationship are based on the test results from this experimental program, although as 
shown in the previous section, the proposed predicted peak stress and strain capacity have been 
validated using the entire set of existing prism tests. 
6.3.1. Proposed Constitutive Model 
The data suggests that the compressive response of confined concrete in rectangular sections can 
be estimated by three distinct points; the peak stress, 80% of the peak stress, and 20% of the peak 
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stress. In general, a bilinear descending branch from the peak strain to 80% of the peak stress, and 
from 80% to 20% of the peak stress appears to be a reasonable approximation. Furthermore, the test 
results indicate that regardless of the detailing, the average strain between 80% and 20% of the peak 
stress is approximately 1.0%; the specimens exhibited a similar descending slope following initial loss 
of load-carrying capacity. Furthermore, the data suggests that the strain corresponding to the peak 
stress can be reasonably estimated as 0.5%, again regardless of detailing. The strain corresponding to 
80% of the peak stress is considered the strain capacity, ε20% Loss, for which a proposed method for 
estimation is described in Section 6.2. 
Typically, the ascending branch of the stress-strain response is defined using a parabola, such as 
that proposed by Popovics [49]. However, no such material model exists in OpenSEES [26] with a 
bilinear descending branch; OpenSEES [26] is the primary analysis tool used for modeling of both 
boundary elements and structural walls in this chapter. OpenSEES [26], however, does include a multi-
linear material model, and therefore a bilinear approximation is used instead of the Popovics [49] 
parabola. As is common for this estimation, the vertex of the bilinear ascending branch is located at 
approximately 50% of the peak stress; the strain at this location is calculated using the calculated 
concrete modulus. Figure 6.33 shows the shape of the proposed constitutive model. The Pinching4 
material model is used to replicate this proposed constitutive model in OpenSEES [26]. The stress-
strain response for unconfined concrete is also shown for reference, and is based on the Concrete01 
material model in OpenSEES [26], which corresponds to the constitutive model proposed by Scott et 
al. [51]. 
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Figure 6.33. Proposed Constitutive Model for Confined Concrete in Rectangular Sections 
The accuracy of the proposed constitutive model is shown in the following figures (Figure 6.34 
through Figure 6.36), where the measured compressive performance is compared with the predicted 
response for each of the specimens in the experimental program. The points that define the multilinear 
constitutive model are shown in the figures as well for reference. The specimens were analyzed using 
fiber-based, zero-length elements in OpenSEES [26]; the cover concrete was modeled as unconfined 
and the core concrete was modeling using the proposed constitutive relationship. 
As might be expected based on the accuracy of the proposed prediction techniques for peak stress 
and strain capacity, the estimated responses correspond well to the measured performance. As 
previously shown, the model proposed by Mander et al. [25] does not accurately model the results 
from this experimental program. In fact, the model was only found to be accurate for the specimens 
tested by Mander et al. [20], and was not accurate with respect to the other supplemental prism data. 
Note that specimens with tensile pre-strain, debonded longitudinal reinforcement, and those without 
longitudinal reinforcement are excluded, as the constitutive model does not consider those cases. In 
addition, only the cyclic tests are included, for simplicity and efficiency. 
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Figure 6.34. Measured vs. Predicted Response using Proposed Constitutive Model for OBE Class Specimen 
  
(a) (b) 
Figure 6.35. Measured vs. Predicted Response using Proposed Constitutive Model for SBE Class Specimens 
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(a) (b) 
 
(c) 
Figure 6.36. Measured vs. Predicted Response using Proposed Constitutive Model for xSBE Class Specimens 
The results described in this section combined with the results from Section 6.2 present 
confidence in the accuracy of the constitutive model in predicting the compressive performance of 
rectangular reinforced concrete prism members. As previously shown, the model suggested by Mander 
et al. [25] is not always accurate, and in such cases the proposed constitutive model is a useful tool. 
Consider the performance-based levels of detailing described in Section 5.8. The accuracy of the 
Mander model and that of the proposed model are shown in Figure 6.37 and Figure 6.38, respectively 
for each level of detailing. Selected specimens are used for comparison that meet the requirements for 
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each level of detailing: Detail Level 1 (specimen CS14), Detail Level 2 (specimen CS1), and Detail 
Level 3 (specimen CS6). 
 
Figure 6.37. Predicted vs. Measured Response for Performance-Based Detail Levels using Mander Model 
 
Figure 6.38. Predicted vs. Measured Response for Performance-Based Detail Levels using Proposed Model 
As shown, the unmodified Mander model grossly overestimates both the compressive strength 
and strain capacity for Detail Levels 1 and 2. Recall that Detail Level 1 is based on the minimum ACI 
0.0
0.4
0.8
1.2
1.6
2.0
0.00 0.01 0.02 0.03 0.04 0.05
P
c
/
 (
f c
'*
A
co
re
)
Average Strain
Measured Predicted
Detail L1
Detail L2
Detail L3
0.0
0.4
0.8
1.2
1.6
2.0
0.00 0.01 0.02 0.03 0.04 0.05
P
c
/
 (
f c
'*
A
co
re
)
Average Strain
Measured Predicted
Detail L1
Detail L2
Detail L3
364 
 
318-14 [1] requirements for special boundary elements. The proposed modifications to the Mander 
model provide excellent estimations for both compressive strength and strain capacity at all detail 
levels. 
6.3.2. Predicted Confined Core Crushing Energy 
The constitutive model also provides a means with which to estimate the confined core crushing 
energy, Gfcc, stored in the confined core of a rectangular reinforced concrete prism member. This 
quantity is of interest, as it represents the energy dissipation capacity, which is useful to accurately 
model structural walls with confined boundary elements; this method is discussed in detail in Section 
6.4. This section first summarizes an existing study on crushing energy in the context of axially loaded 
concrete members, after which a proposed method is presented and validated for predicting the 
crushing energy in compression members based on detailing. 
Crushing energy is defined as the area under the plastic region of the axial stress-deformation 
response in compression. Crushing energy was first seen in this context in a study by Jansen and Shah 
[52], in which a number of plain concrete cylinders of varied lengths were tested in monotonic 
compression. In that study, the stress-deformation response was recorded for each specimen, with 
deformation being measured over three different gauge lengths (shown in Figure 6.39), including the 
distance between the loading caps, a distance measured from just within the loading caps, and a smaller 
gauge length near the middle of the specimen. 
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Figure 6.39. Gauge Lengths for Measuring Deformation by Jansen and Shah [52] 
The authors suggest that crushing energy is a function of the plastic deformation, and therefore 
should be considered to be the area under the plastic portion of the stress-deformation response. 
Figure 6.40 shows the original formulation for the crushing energy as reported by Jansen and Shah 
[52]. 
 
Figure 6.40. Formulation of Crushing Energy by Jansen and Shah [52] 
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The test results indicated that both the crushing energy and the length over which inelastic 
deformation occurred were independent of the length of the specimen. The authors suggested, as 
supported by Figure 6.41, that the crushing energy of plain concrete is approximately 0.145 k/in. (25 
N/mm). The authors also noted that the damage region appeared to be independent of the member 
length, and was typically observed over a length 2-3 times the member thickness. 
 
Figure 6.41. Crushing Energy as a Function of Member Length per Jansen and Shah [52] 
Although the authors assert that damage length is independent of member length, the published 
test program included only plain concrete specimens. Therefore it is prudent to ensure that this 
assumption is valid in reinforced concrete compression members of varied levels of detailing. Figure 
6.42 shows representative damage photos from prism tests from three different experimental studies 
(including the experimental program presented in this dissertation); the observed damage length is 
indicated in the figure. These independently performed test programs provided a range of levels of 
detailing for review. As shown, the damage length appears to be relatively uniform, between about 1.5 
to 3 times the thickness; the damage length is assumed to be 2 times the thickness for this study. 
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(c) 
Figure 6.42. Damage Regions of Various Representative Tests from (a) Creagh et al. [21], (b) This Experimental 
Program, and (c) Massone et al. [24] 
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Furthermore, this assumption is supported by the measured displacement over the damage region 
(as measured by the rear face string potentiometers; see Section 3.6.1) of specimens within this 
experimental program. The rear face string potentiometers measured the displacement along each 
third of the height; the displacement in the damage region is taken as the displacement measured along 
the top third, where the damage was localized (or the bottom third for specimens CS19 and CS20). In 
general, the data suggests that nearly all of the plastic deformation occurred within these damage 
regions, which further supports the assertion that inelastic deformation is localized. Comparisons of 
the measured displacement over the damage length versus over the specimen height are shown for 
specimens CS6 through CS20 in Appendix E (the instrumentation system was not implemented until 
specimen CS6). 
Using this assumption, converting from the average strain domain to the deformation domain, as 
required to calculate crushing energy, is a relatively simple task. Prior to reaching the peak strength, 
deformation is assumed to occur over the full length of the member, and therefore the deformation 
is taken as the average strain times the member length. After reaching the peak strength, any 
subsequent deformation is assumed to occur over the damage length, and therefore the deformation 
is taken as the average strain times the damage length of 2.0 times the thickness. Note that elastic 
energy is still stored in the undamaged regions, however this does not increase following the peak 
strength, and therefore does not contribute to the crushing energy (which is based on plastic 
deformation). Figure 6.43 shows the shape of the crushing energy for the proposed constitutive model. 
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Figure 6.43. Confined Crushing Energy using Proposed Constitutive Model 
Due to the simplicity of the proposed constitutive model, expressing the confined crushing energy, 
Gfcc, as a function of the predicted peak stress, fcc’, strain capacity, ε20% Loss, concrete modulus, Ec, and 
member thickness, b, is simply an exercise in geometry. An expression for predicted crushing energy 
is given in Equation 6.8. 
 Gfcc = 2bfcc
' [(
0.48fcc
'
Ec
 + 0.9ε20% Loss)] Equation 6.8 
 
To validate this expression, the crushing energy was predicted for all of the specimens (for which 
stress-strain response data was provided) within the database of existing prism tests, and compared 
with the measured crushing energy. Again, in determining the measured crushing energy, the measured 
stress-average strain response for each specimen was converted to the deformation domain using an 
assumed damage length of 2.0 times the thickness. Figure 6.44 shows that the proposed expression 
370 
 
for predicting crushing energy provides an excellent approximation of the measured response, with a 
strong correlation of 0.94. 
 
Figure 6.44. Validation of Proposed Expression for Crushing Energy 
6.4. Material Regularization for Wall Modeling using Line Elements 
The previous sections provided validation for proposed methods with which to predict the 
compressive performance of rectangular reinforcement concrete members. These rectangular 
members were intended to be representative of the boundary elements within structural walls, which, 
as has been previously discussed, experience mostly normal stresses. This section presents a study into 
the applicability of the proposed methods in predicting the performance of structural walls. The 
predicted performance is validated through comparison with test results using the database of existing 
structural wall tests described in Section 2.3. Section 6.4.1 is a summary of the material regularization 
method proposed by Coleman and Spacone [53] that eliminates mesh-dependency in line elements 
used for wall modeling. Section 6.4.2 presents the accuracy of existing recommended values for 
crushing energy in structural walls. Lastly, Section 6.4.3 presents the improved accuracy in predicting 
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wall performance with the validated proposed constitutive model and crushing energy using the 
material regularization technique. 
6.4.1. Material Regularization Method 
This section is a summary of the material regularization method proposed by Coleman and 
Spacone [53], and how it is implemented in nonlinear finite element analysis of structural walls. In 
general, the material regularization process is intended to eliminate mesh-dependency in distributed 
plasticity line elements (also called beam-column elements). Distributed plasticity is essentially the 
distribution of the magnitude of damage throughout the length of the line elements (or more 
specifically at the integration points). However, as damage (and plasticity) has a tendency to localize, 
its distribution can therefore result in significant mesh-dependency. Material regularization eliminates 
this issue by modifying the material model at each section using the material crushing energy, which 
has previously been shown to be independent of member length. 
 Line elements are typically categorized as being either displacement-based, or force-based; each 
type has benefits and drawbacks based on application. In general, these categories are defined as 
follows: 
 Displacement-based line elements employ an assumed displacement field, in the form of 
a standard shape function, at each integration point, to calculate the nodal displacements. 
In such elements, mesh-sensitivity becomes a significant issue as damage localization 
occurs, requiring many elements to accurately predict the deformation response. 
 Force-based line elements employ an assumed internal force distribution across the 
integration points within the element. The draw of this formulation lies in the fact that 
equilibrium is exact at both the section and element level. Such elements are capable of 
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automatically satisfying the applied load patterns and boundary conditions, which can 
result in significant computational savings. 
Coleman and Spacone [53] indicate that both formulations are subject to mesh-sensitivity, 
however in the case of the force-based element, the sensitivity is at the section level as opposed to the 
element level (as in the displacement-based formulation). As material regularization is a method for 
eliminating mesh-dependency at the section level, it is therefore not reasonably applicable to use 
displacement-based line elements, which would still exhibit mesh-dependency at the element level. 
The authors therefore recommend the use of force-based line elements. 
As previously discussed, material regularization is the practice of modifying the specific material 
models at each integration point, resulting in a fiber-based approach to defining the line elements. 
Fiber-based sections essentially define (in this case) the reinforced concrete cross-section, assigning 
specific material properties to the unconfined concrete, confined concrete, and the reinforcing steel. 
Figure 6.45 shows an example fiber-section used in defining a structural wall cross-section. Simple 
convergence tests are employed to verify the adequacy of the fiber mesh. 
 
Figure 6.45. Example Fiber-Based Structural Wall Cross-Section 
A unique constitutive material model may be assigned to each of the fibers, however in this case, 
the confined core, cover concrete and web, and the reinforcement are each modeled with unique 
materials. As previously described, localization of damage would still result in mesh-sensitivity (at the 
section level) due to damage localization. The solution proposed by Coleman and Spacone [53] is 
based on adding the crushing energy as a defining characteristic of the material constitutive model. 
Specifically, the crushing energy is taken as a material property, and the failure strain is calculated 
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based on this value and an expected peak stress, as shown in Figure 6.46 and Equation 6.9. Note that 
the authors employ the Scott et al. [51] constitutive model to define the stress-strain curve. 
 
Figure 6.46. Crushing Energy Corresponding to Specific Constitutive Model [53] 
 ε20 = 
Gf
c
0.6fc
' 𝐿𝐼𝑃
 - 
0.8fc
'
E
 + ε0 Equation 6.9 
 
In Figure 6.46, the crushing energy is normalized by the element length, h, to be consistent with 
the stress-strain domain. However, with respect to the element formulation, the material model is 
defined at each integration point, and therefore the failure strain in Equation 6.9 at each integration 
point is based on the integration length, LIP, as opposed to the element length, h. Figure 6.47 depicts 
the implementation of the material regularization technique for a line element with 3 integration 
points. In this figure, the failure strain, ε20, is defined at each integration point by the crushing energy, 
peak stress, and integration length, again as calculated using Equation 6.9. 
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Figure 6.47. Material Regularization Method 
6.4.2. Previous Work on Structural Wall Modeling using Material Regularization 
The techniques described in the previous section have been applied to structural wall modeling, 
most notably in a doctoral thesis by Pugh [54]. Pugh used similarly formulated line elements (using 
the material regularization method) to simulate existing wall tests. One purpose of that investigation 
was to provide reasonable estimates for the concrete crushing energy of both the confined (boundary 
element) and unconfined (web) concrete within a structural wall. 
To first determine the crushing energy for unconfined reinforced concrete, Pugh [54] employed 
the material regularization techniques described above to model two existing wall tests in which no 
confining steel was added to the boundary elements. All concrete was modeled, as proposed by 
Coleman and Spacone [53], using the regularized Scott et al. [51] constitutive model. The crushing 
energy was taken as an assumed value, and calibrated based on the results of the model compared with 
the test results. 
To fully define the fiber-based cross-section, the longitudinal reinforcing steel was also regularized. 
Pugh [54] used the Filippou et al. [55] constitutive relationship for steel, which is bilinear with curved 
unloading and reloading branches. The fracture energy of the steel is estimated using only the bilinear 
monotonic behavior, and is defined in tension and compression by the yield stress (fy) and strain (εy), 
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the ultimate stress (fu) and strain (εu), and an assumed gage length, Lgage, (to convert from the strain to 
the deformation domain). The failure strain, εu, and hardening factor, b’, at each integration point is 
calculated using Equation 6.10 and Equation 6.11. The hardening factor is multiplied by the steel 
modulus to determine the hardening slope on the bilinear estimation. Buckling of longitudinal 
reinforcement is not explicitly modeled using this technique, however is accounted for by bounding 
the maximum compressive strain of the longitudinal reinforcement at each integration point by the 
corresponding concrete failure strain. 
 εu = εy + 
(ε
u
- εy)Lgage
LIP
 Equation 6.10 
 
 b' = 
(fu - fy)
(εu - εy)Es
 Equation 6.11 
 
Shear deformations were modeled using an aggregate section in OpenSEES [26], where the shear 
stiffness was assumed to be 10% of the elastic shear modulus, as suggested by Oyen [56]. 
The results of this portion of the study by Pugh [54] is shown in Figure 6.48.  In the figure, the 
simulated tip displacement, Δu,pred, divided by the measured tip displacement, Δu,obe, is plotted versus 
the various trial crushing energy values. Based on these results, Pugh [54] recommends that the 
unconfined crushing energy (or that of simply reinforced concrete) be taken as 2 times the 28-day 
compressive strength of the concrete. Note that the units for crushing energy and compressive 
strength using this formula are N/mm and MPa, respectively. As such, the “units” for the factor of 2 
are mm, and therefore using Imperial units, the formula is 0.078 times the compressive strength in ksi. 
This results in a crushing energy with units of K/in. 
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Figure 6.48. Calibrated Crushing Energy of Unconfined Concrete by Pugh [54] 
Pugh [54] also provided recommendations for the crushing energy of confined concrete. In the 
study, the confined core was modeled again using the regularized Scott et al. [51] constitutive model 
for concrete, however the crushing energy for fibers within the confined core were assigned a crushing 
energy that was a multiple of the previously defined unconfined crushing energy. This multiplication 
factor was annotated by Pugh [54] as kc, and was based on simulations of at least eight (8) wall tests. 
The results of this study are shown in Figure 6.49.  Again, in the figure, the simulated versus measured 
tip displacement is plotted versus the various trial confined crushing energies (in the form of the 
multiplication factor, kc). 
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Figure 6.49. Confined Crushing Energy Calibration in Structural Wall Simulations by Pugh [54] 
 Based on the results, Pugh [54] recommends that the crushing energy for confined concrete be 
taken at 1.7 times the unconfined crushing energy. This recommendation is essentially an average of 
the results shown in Figure 6.49, and is not specifically related to the level of detailing in the boundary 
elements of each wall test. It is clear from the results that a more accurate means of predicting the 
confined crushing energy is necessary. 
6.4.3. Improved Structural Wall Modeling using Proposed Estimation of Compressive Response 
The previous sections summarized the methodology with which previous researchers [53] [54], 
have implemented material regularization for use in modeling of concrete in compression with force-
based line elements. The method eliminates mesh-sensitivity in line elements that arises as a function 
of damage localization (due, for example, to crushing). In addition, this method provides a means with 
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which to capture the post-peak behavior of the concrete in compression, as opposed to the model 
simply failing when a given compressive strain is reached. However, accurately modeling this 
compression failure requires an accurate estimation of the concrete crushing energy.  
Previous studies (e.g., Pugh [54]) have provided recommendations for the crushing energy of 
unconfined and confined concrete, based on calibration of simulations using existing wall tests. 
Currently, only an average value for the crushing energy of confined concrete is available; the measured 
values show significant deviation from this average (see Figure 6.49), and therefore a more accurate 
prediction of confined crushing energy is necessary. 
This section is a summary of comparisons between measured response of experimental wall tests, 
and simulations based on the proposed constitutive model described in Section 6.3. The experimental 
wall tests considered for this review are limited to seven (7) wall tests, as described in Section 2.3. This 
database includes existing wall tests with reasonable shear span ratios (2.0 or greater), axial load ratio 
(5% or greater), low to moderate shear demand (5.0*Acv*√fc’ or less), and that exhibited crushing 
and/or bar buckling failures. Simulations were performed in OpenSEES [26], using the material 
regularization techniques described in Section 6.4.1 and Section 6.4.2. 
The wall test specimens were simulated in OpenSEES [26] using a unidirectional, displacement-
based pushover analysis. Any axial load, moment, or shear was applied as necessary at the top. 
Specimens were modeled using a single force-based line element (the “forceBeamColumn” 
formulation in OpenSEES [26]) with 3 integration points. Each integration point was assigned a fiber-
based section, using built-in, regularized material models in OpenSEES [26]. 
The unconfined concrete was modeled using the Concrete02 formulation, which is representative 
of the Scott et al. [51] constitutive model. This model was regularized using Equation 6.9, where the 
crushing energy was taken as 0.078 times the 28-day compressive strength, fc’, as recommended by 
Pugh [54]. The longitudinal reinforcement was modeled using Steel02, which is representative of the 
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Fillipou et al. [55] constitutive model, and regularized using Equation 6.10 and Equation 6.11, where 
fy, fu, and εy were as reported in the literature corresponding to the specific wall specimen. The gage 
length in this formulation was assumed to 8 in. 
The confined concrete was modeled using the Pinching4 formulation, which is a multi-linear 
material model. This is the same model that was proposed in Section 6.3 for predicting the stress-
strain behavior of confined concrete in rectangular compression members. As mentioned in that 
section, OpenSEES [26] does not include a material model with a parabolic ascending branch 
(indicative of concrete behavior) and a bilinear descending branch, and therefore a multi-linear 
relationship is used as an estimation. Figure 6.50 shows the proposed constitutive model, with the 
crushing energy annotated for clarity. The model is regularized by calculating the failure strain, ε20, for 
each integration point based on the integration length and predicted crushing energy, using Equation 
6.8. 
 
Figure 6.50. Confined Crushing Energy using Proposed Constitutive Model 
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The crushing energy of confined concrete in rectangular reinforced concrete prism compression 
members can accurately be estimated using this constitutive model, as shown in Section 6.3.2. It is 
postulated, therefore, that since these prism specimens are reasonable estimations for the boundary 
elements in structural walls, that this estimation for confined crushing energy should also be 
reasonably accurate in modeling wall performance. To verify this hypothesis, the walls in the 
experimental database were simulated using the modeling techniques described above; a schematic of 
the model formulation is shown in Figure 6.51. Note that this provides an independent validation for 
the proposed modeling parameters, as they are calibrated based on the test results of this experimental 
program, and compared to the results of existing data. 
 
Figure 6.51. Model Formulation for Simulation of Existing Wall Tests 
The results of the study show excellent correlation between the simulations and the test results. 
Figure 6.52 shows the simulated drift for each wall test versus the measured drift for the seven (7) wall 
specimens simulated. With the exception of specimen WR20 [34], the simulated response is accurate 
as compared to the measured response. Without this outlier (as shown in Figure 6.53), the simulated 
and measured response of the other six (6) wall specimens have a strong correlation of 0.96. 
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Figure 6.52. Simulated vs. Measured Drift Capacity of Existing Structural Wall Tests 
 
Figure 6.53. Simulated vs. Measured Drift Capacity of Existing Structural Wall Tests (with WR20 [34] omitted) 
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The data provided for specimen WSH6 [30], as described in Chapter 2, may not be an entirely 
accurate representation of the actual response of the wall. The authors noted that near the end of this 
test, the actuator used to apply the lateral load reached the maximum stroke limit, and therefore the 
test was stopped. At this point, that the specimen was exhibiting signs of crushing damage in the 
boundary element, and the load-carrying capacity started to decrease. The authors also indicated that 
confinement tie fracture also occurred at this point, however it is unclear if this was a function of 
longitudinal bar buckling or actually due to the pressure from the confined core. 
The sudden stoppage in testing is shown in the hysteresis for specimen WSH6 [30] in Figure 6.54, 
in the north direction. It was unclear as to the magnitude of additional drift capacity that was not 
observed due to this testing limitation, however the authors noted that it was likely minimal. As shown 
in Figure 6.52, a slight increase in measured drift capacity would create even better correlation with 
the simulated response, but the point as it is plotted is simply taken as that from the researchers who 
conducted the test. 
 
Figure 6.54. Measured Response of WSH6 [30] Showing the Stoppage in Testing 
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Specimen WR20 [34] is shown to be an outlier in terms of the accuracy of the simulated response. 
This wall is part of a larger experimental study performed by Oh et al. [34] investigating the effect of 
the spacing of transverse reinforcement on wall performance. Within this study, two (2) specimens 
were compared (WR10 and WR20) with transverse reinforcement spaced at 100 and 200 mm, 
respectively. While specimen WR10 exhibited a bar fracture failure, specimen WR20 was noted to 
exhibit a crushing failure in the boundary element. However, as shown in Figure 6.55, the drift capacity 
of the specimens was very similar. In fact, the authors noted that some core crushing was also observed 
in WR10 at failure. 
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(a) WR20 
 
(b) WR10 
Figure 6.55. Measured Response of (a) WR20, and (b) WR10 by Oh et al. [34] 
The similar response is surprising, due to the significant difference in transverse reinforcement 
spacing. However, a closer look at the construction details indicates that the first transverse bar was 
installed at approximately the same height above the interface (approximately 100 mm) with the 
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foundation in both walls, as shown in Figure 6.56. In WR20, the transverse reinforcement is then 
spaced at 200 mm centers beyond that point, while in WR10 it continues to be spaced at 100 mm.  
 
(a) 
 
(b) 
Figure 6.56. Wall Damage in Specimen (a) WR20, and (b) WR10 by Oh et al. [34] 
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Since the damaged region (as also shown in Figure 6.56) in both specimens was localized near the 
bottom of the specimen (mostly within the first 100 to 200 mm of the wall from the foundation 
interface), it is likely that the 200 mm spacing of WR20 did not have as significant of a negative effect 
on the performance as would be expected. If the wall is modeled assuming a 100 mm vertical spacing 
of transverse reinforcement, the simulated drift is approximately 2.6% (as shown in Figure 6.57), 
which is much closer (as compared with the results below) to the measured drift of 2.8%. It is difficult 
to make a confident conclusion as to the accuracy of the proposed model with respect to the measured 
response in specimen WR20. 
 
Figure 6.57. Simulated vs. Measured Response of WR20 [34] Assuming 100 mm Transverse Reinf. Spacing 
Figure 6.58 shows the unidirectional pushover analysis of each wall in the database as compared 
with the tested response. As shown, with the exception of specimen WR20 [34], the simulations are 
quite accurate in predicting the wall performance. These results help to validate the modeling 
techniques proposed by Coleman and Spacone [53] and Pugh [54], if the proposed constitutive model 
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for confined concrete and the proposed material parameters (including crushing energy) are employed 
in defining the material properties. 
  
(a) WSH4 (Dazio et al. [30]) (b) WR20 (Oh et al. [34]) 
  
(c) RW1 (Thomsen and Wallace [35]) (d) RW2 (Thomsen and Wallace [35]) 
  
(e) UCLA1 (Tran and Wallace [29]) (f) UCLA1 (Tran and Wallace [29]) 
Figure 6.58. Simulated vs. Measured Wall Response of Existing Structural Wall Tests 
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As discussed earlier, tensile strain (of at least 1%) prior to any significant compression loading was 
found to significantly reduce confined strength in rectangular reinforced concrete members, however 
strain capacity was not as significantly impacted. The proposed modeling techniques do not account 
for tensile pre-strain, as more data is required to account for it with respect to various detailing 
parameters. As also previously discussed, such significant tensile pre-strains are unlikely to occur 
except under certain circumstances, like pulse loads. In support of this claim, tensile strain in the 
extreme longitudinal bars was tracked during the wall analyses, and in general the maximum tensile 
strain prior to reaching the nominal moment (which would be considered significant compression 
demand in the compression boundary element) was less than 1%, and in most cases less than 0.5%. It 
was therefore unlikely that tensile pre-strain had any significant impact on these wall tests. 
6.5. Wall Performance Based on Validated Simulation Techniques 
The previous section presented the accuracy (and validation) of the proposed structural wall 
modeling techniques, based on comparisons with existing experimental wall tests. This section 
presents the results of a parametric study into wall performance using prototypical walls that fall into 
the three performance-based detailing levels outlined in Section 5.8. The purpose of this study was to 
identify the effect of the length of the boundary element with respect to the neutral axis depth, the 
final ACI 318-14 [1] detailing requirement for boundary elements in special structural walls. This study 
also provides qualitative insight into the effects of axial load ratio and cross-sectional aspect ratio, 
which are byproducts of the methods used to vary the ratio of the boundary element length to the 
neutral axis depth. 
In this study, prototypical walls were designed to meet the performance-based detailing levels 
described in Section 5.8. For each level of detailing, a number of specimens were designed across a 
range of boundary element length, lbe, to neutral axis depth, cMn ratios. This was accomplished by 
varying either the axial load ratio, or the cross-sectional aspect ratio, while maintaining all other design 
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parameters including boundary element length. ACI 318-14 [1] requires the neutral axis depth to be 
calculated based on the nominal moment capacity, Mn. For consistency with how this value would be 
obtained in design, the neutral axis depth is calculated for each specimen at the nominal moment Mn 
(the moment corresponding to 0.003 strain in the extreme compression fiber), assuming plane 
sections.  
Table 6.2, Table 6.3, and Table 6.4 show the matrix of simulated prototypical walls for each 
detailing level; cross-sectional designs are also shown for each detailing level in Figure 6.59, Figure 
6.60, and Figure 6.61. Note that the naming convention for walls where the axial load ratio is varied 
is “D#-ALR#”, where “D#” indicates the detailing level, and “ALR#” indicates the axial load ratio 
in percent. Specimens where the cross-sectional aspect ratio was varied, are denoted “D#-CA#”, 
where “CA#” indicates the cross-sectional aspect ratio, lw/b. Note also that the shear stress demands 
were restricted (less than 5.0*Acv*√fc’), similar to the restriction used for the existing wall test database. 
Compliance with the detailing requirements for each level of detailing is shown in Figure 6.62. 
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Table 6.2. Matrix of Prototypical Wall Specimens for Detail Level 1 
Wall ALR 
vu 
(√fc’) 
s/db lw/b lbe/cMn 
Drift 
Capacity 
AXIAL LOAD RATIO 
D1-ALR2.5 2.5% 1.5 5.7 20 1.00 2.0% 
D1-ALR5.0 5.0% 1.6 5.7 20 0.82 1.7% 
D1-ALR7.5 7.5% 1.8 5.7 20 0.64 1.4% 
D1-ALR10 10% 2.0 5.7 20 0.60 1.3% 
D1-ALR12.5 12.5% 2.2 5.7 20 0.53 1.2% 
D1-ALR15 15% 2.3 5.7 20 0.47 1.1% 
CROSS-SECTION ASPECT RATIO 
D1-CA10 10% 1.2 5.7 10 0.95 1.6% 
D1-CA15 10% 1.6 5.7 15 0.75 1.5% 
D1-CA20 10% 2.0 5.7 20 0.60 1.3% 
D1-CA25 10% 2.3 5.7 25 0.47 1.3% 
 
 
Figure 6.59. Prototypical Wall Design for Detail Level 1 
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Table 6.3. Matrix of Prototypical Wall Specimens for Detail Level 2 
Wall ALR 
vu 
(√fc’) 
s/db lw/b lbe/cMn 
Drift 
Capacity 
AXIAL LOAD RATIO 
D2-ALR5.0* 5.0% 1.8 4 20 0.78 2.5% 
D2-ALR7.5 7.5% 1.9 4 20 0.72 2.3% 
D2-ALR10 10% 2.0 4 20 0.64 2.1% 
D2-ALR12.5 12.5% 2.2 4 20 0.56 1.9% 
D2-ALR15 15% 2.3 4 20 0.51 1.7% 
CROSS-SECTION ASPECT RATIO 
D2-CA10* 10% 1.3 4 10 0.95 3.4% 
D2-CA15* 10% 1.6 4 15 0.75 2.5% 
D2-CA20 10% 2.0 4 20 0.64 2.1% 
D2-CA25 10% 2.4 4 25 0.56 1.9% 
*Specimen failed in bar rupture as opposed to crushing 
 
Figure 6.60. Prototypical Wall Design for Detail Level 2 
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Table 6.4. Matrix of Prototypical Wall Specimens for Detail Level 3 
Wall ALR 
vu 
(√fc’) 
s/db lw/b lbe/cMn 
Drift 
Capacity 
AXIAL LOAD RATIO 
D3-ALR5.0* 5.0% 1.7 4 20 0.90 2.5% 
D3-ALR7.5* 7.5% 1.9 4 20 0.82 2.5% 
D3-ALR10* 10% 2.1 4 20 0.69 2.5% 
D3-ALR12.5* 12.5% 2.3 4 20 0.60 2.5% 
D3-ALR15 15% 2.4 4 20 0.56 2.3% 
CROSS-SECTION ASPECT RATIO 
D3-CA10* 10% 1.3 4 10 1.00 5.0% 
D3-CA15* 10% 1.7 4 15 0.82 3.4% 
D3-CA20* 10% 2.1 4 20 0.62 2.5% 
D3-CA25 10% 2.5 4 25 0.38 2.3% 
*Specimen failed in bar rupture as opposed to crushing 
 
Figure 6.61. Prototypical Wall Design for Detail Level 3 
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(a) (b) 
  
(c) (d) 
Figure 6.62. Compliance of Prototypical Walls with Performance-Based Detail Level Detailing Requirements 
All specimens were modeled using the material regularization techniques described throughout 
this chapter, with the confined core concrete modeled using the proposed (and validated) constitutive 
model and predicted crushing energy, peak stress, and strain capacity. The 28-day concrete strength 
was taken as 5,000 psi, and the longitudinal and transverse reinforcement was modeled using Steel02 
(as previously done) with a yield and ultimate stress of 60 and 90 ksi, respectively. The expected 
ultimate strain of the reinforcement was taken as 18%, as was typically found in experimental 
specimens using ASTM A706 [43] steel, indicative of design in high seismic zones.  With this approach, 
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the model is capable of capturing tension failures (bar fracture) in addition to compression failures 
(crushing). 
The study also included the results from the existing wall test database. As these walls were not 
originally designed to meet the proposed performance-based detailing levels (and for the most part 
the ACI 318-14 [1] detailing requirements), it is prudent to classify the tests in a similar manner. Figure 
6.63 shows the compliance of the existing wall test database (excluding specimen WR20) with respect 
to the three performance-based detailing levels. Table 6.5 is a summary of the experimental database 
of wall tests as applicable to this study. 
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(a) (b) 
  
(c) (d) 
Figure 6.63. Compliance of Existing Wall Tests with Performance-Based Detail Level Detailing Requirements 
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Table 6.5. Matrix of Existing Wall Test Specimens 
Wall ALR 
Vu 
(*Acv*√fc’) 
s/db lw/b lbe/cMn 
Drift 
Capacity 
RW1 [35] 11% 2.3 8.0 12.0 0.83 2.2% 
RW2 [35] 7% 2.4 5.3 12.0 0.94 2.3% 
WSH4 [30] 6% 2.8 12.5 13.3 0.85 1.6% 
WSH6 [30] 11% 3.4 4.2 13.3 0.95 2.1% 
UCLA1 [29] 8% 3.8 4.0 8.0 1.07 3.1% 
UCLA3 [29] 8% 5.0 4.0 8.0 1.07 3.0% 
Note all specimens failed due to core crushing and/or bar buckling. 
Figure 6.64 shows the simulated normalized moment-drift response for the various detail levels, 
while maintaining an axial load ratio of 10% and a cross-sectional aspect ratio of 20. Normalized 
moment refers to the moment divided by the nominal moment, corresponding to an extreme 
compression fiber strain of 0.3%. As shown, at Detail Level 1 (ACI 318-14 [1], minimum detailing), 
the wall fails at approximately 1.3% drift. Detail Levels 2 and 3 perform significantly better, with Detail 
Level 3 exhibiting a bar rupture failure at about 2.5% drift. The strength benefits are negligible, and 
are a function of the strain hardening in the reinforcement available due to the increased drift capacity. 
 
Figure 6.64. Simulated Wall Response of Performance-Based Detailing 
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The results from the parametric study indicate that the boundary element length to neutral axis 
depth ratio, lbe/cMn, has a significant effect on drift capacity and failure mode. This result was observed 
regardless of the method with which lbe/cMn was varied (either by adjusting the axial load ratio or 
adjusting the cross-sectional aspect ratio). Specifically, for specimens designed to meet Detail Level 1, 
which is representative of the ACI 318-14 [1] minimum detailing requirements, the boundary element 
detailing must extend the full length of the neutral axis depth (or compression zone) to obtain a 2.0% 
drift capacity.  
The data also suggests that specimens meeting the requirements for Detail Level 2 and 3 may 
require less than the full length of the compression zone to reach a reasonable drift capacity (of at 
least 2.0%). Figure 6.65(a) and Figure 6.65(b) show the drift capacity as a function of lbe/cMn, for 
specimens where axial load ratio and cross-sectional aspect ratio were varied, respectively. The wall 
tests within the experimental database are also included (with the exception of WR20) for comparison. 
In the figure, tension failures (BR) are distinguished from compression (CB) failures. In the figure, 
“L0” refers to test specimens that do not meet the minimum requirements for Detail Level 1. 
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(a) (b) 
Figure 6.65. Effect of lbe/cMn on Drift Capacity by Varying (a) Axial Load Ratio, and (b) Cross-Sectional Aspect Ratio 
Although the response of the simulated wall specimens exhibit similar trends to those of the 
experimental data, the limited available experimental data makes it difficult to form a foundation for 
a proposed limit on the boundary element length to neutral axis depth ratio. It is clear that more 
experimental research is needed on this topic, as the existing tests are not only limited in number, but 
all have an lbe/cMn close to 1.0. The ACI 318-14 [1] limit is the greater of cMn/2 or cMn – 0.1*lw, where the 
former typically controls.  
It is possible that an inadequately confined compression zone would result in significant strains at 
the interface between the boundary element and the web, and as the web is typically lightly reinforced, 
this region is susceptible to damage under mild compression strains. In fact, the simulations indicate 
that at the ACI 318-14 [1] limit, walls designed to the minimum ACI 318-14 [1] detailing requirements 
for special boundary elements may only exhibit a drift capacity of about 1.0%. 
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The simulations also shed some light on the effects of both axial load ratio and the cross-sectional 
aspect ratio on wall performance. With all other detailing and modeling parameters held constant, the 
data suggests that both axial load ratio and cross-sectional aspect ratio have a significant effect on 
structural wall drift capacity. Figure 6.66(a) and Figure 6.66(b) show the drift capacity of the 
prototypical wall simulations as a function of axial load ratio and cross-sectional aspect ratio. The 
experimental walls are also included in this comparison, however it is difficult to discern trends in this 
data as the existing tests contain many other variables. 
  
(a) (b) 
Figure 6.66. Wall Performance based on (a) Axial Load Ratio, and (b) Cross-Sectional Aspect Ratio 
The data suggests that drift capacity is reduced as the axial load ratio increases at all performance-
based detailing levels (where a tension failure does not control). Specifically, at a reasonable expected 
axial load ratio (of about 10-15%) and a reasonable cross-sectional aspect ratio of 20, the drift capacity 
of a wall meeting the minimum ACI 318-14 [1] detailing requirements for special boundary elements 
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may only just be over 1.0%. The data also shows that larger cross-sectional aspect ratio walls may 
exhibit lower drift capacity when all other parameters are held constant (as suggested by Whitman 
[37]). This effect is magnified in specimens that meet higher detailing levels. Similar to the observations 
regarding boundary element length, the lack of existing test data makes it difficult to form a basis for 
specific recommendations; further experimental testing is needed to further examine the specific 
effects of both axial load ratio and cross-sectional aspect ratio on wall performance. 
6.6. Summary of Analytical Modeling of Boundary Elements and Structural Walls 
This chapter presented the methods and implementation for modeling of both boundary elements 
and structural walls performed in support of this report. First, a review of the existing predictive 
modeling techniques (i.e., Mander et al. [25]) for compressive performance of rectangular reinforced 
concrete prism members was summarized and compared with the experimental results from this 
experimental program. The existing modeling parameters were found to be inaccurate in many cases, 
specifically in specimens just meeting the minimum ACI 318-14 [1] requirements for special boundary 
elements. In response, a simplified constitutive model and predictive formulations for peak stress and 
strain capacity in confined concrete was proposed, calibrated using the test results from this 
experimental program. The proposed modeling parameters were validated by comparison with several 
similar existing (yet independent) test programs [12], [21], [23], [24] including those tested by Mander 
et al. [20]. Furthermore, the applicability of the model proposed by Mander et al. [25] was evaluated 
for applicability in the previously defined performance-based detailing levels for boundary elements. 
Next, the proposed modeling parameters were implemented into structural wall models simulating 
the response of existing wall tests. The models, which were based on techniques proposed by Coleman 
and Spacone [53], were validated through comparison with the existing wall test database, showing 
excellent correlation. Finally the validated wall modeling techniques were applied to a suite of 
prototypical walls designed to meet the previously defined performance-based detailing levels for 
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boundary elements. For each level of detailing, both the axial load ratio and the cross-sectional aspect 
ratio were varied, which in combination with the ratio of the boundary element length to the neutral 
axis depth were found to have a significant effect on wall performance. Specifically, the simulations 
showed that significant drift capacity (2.0% or more) in specimens meeting the minimum ACI 318-14 
[1] detailing requirements for special boundary elements is only realized when the entire compression 
zone is detailed as a boundary element. 
  
402 
 
Chapter 7: Recommendations for Detailing of Special RC Boundary 
Elements 
This chapter presents the recommendations for boundary element detailing. These 
recommednations were developed from the databse of rectangular reinforced concrete prism 
specimen.  
On of the primary purposes of this chapter is for distribution to practicing engineers and other 
interested parties and, as such, it is written to be independent from the preceeding chapters. Section 
7.1 provides a summary of the experimental concept, and Section 7.2 is a summary of the existing 
ACI (American Concrete Institute) 318 2008, 2011, and 2014 wall boundary element detailing 
requirements. Note that the experimental program was developed to meet ACI 318-11 [6] but the 
results were disseminated after ACI 318-14 [1] was put into effect, therefore both considered herein. 
The Chilean code [4] in effect at the time of the earthquake was largely based on ACI 318-08 [7], 
however ACI 318-11 [6] does not provide any changes in detailing requirements for boundary 
elements from ACI 318-08 [7], and therefore comparison would be redundant and ACI 318-08 [7] is 
not referenced. Section 7.3 summarizes the rectangular boundary element specimen database. Section 
7.4 is a summary of the experimental results, with an emphasis on the effects of specific detailing 
parameters. Section 7.5 provides the impact of the three levels of detailing. 
7.1. Experimental Concept 
Reinforced concrete structural walls can be idealized into two subcomponents: the web, and the 
boundary elements. The boundary elements are typically heavily reinforced vertically (upwards of 2% 
longitudinal reinforcement), have tightly spaced confinement, and are primarily subjected to tension 
or compression, which result from the moment couple (Figure 7.1(a)).  The web is typically lightly 
reinforced vertically and horizontally and is required to transfer shear; because of the heavy 
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longitudinal reinforcement in the boundary regions, the normal stresses in the web are expected to be 
low.  
The study focused on the impact of several detailing parameters on the response of a boundary 
element when it is in compression. For simplicity and economy, the boundary element was isolated 
and tested (as opposed to testing a full wall). The specimens, referred to as prisms, were subjected to 
axial load only. Figure 7.1 is a conceptual breakdown from an idealized planar structural wall to an 
example boundary element prism test specimen. 
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(a) 
 
 
 
(b) (c) (d) 
Figure 7.1. Conceptual Breakdown from (a) Structural Wall to (b) Boundary Element to (c) Prism Specimen to (d) Test 
Setup 
 
As shown in the figure, the specimen is an idealization of the loading, geometry and reinforcement 
of a boundary element within a typical special reinforced concrete structural wall. Here, the wall is 
assumed to respond primarily in flexure, although shear can impact the expect of the compression 
region. 
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The test specimens were loaded in uniform compression (or under cyclic axial) loading; although 
this is an approximation, since the strain, and therefore stress, gradient will vary over the length of the 
boundary element within a structural wall, it was deemed appropriate. In addition, the test specimen 
was not restrained on one end in the out-of-plane direction, whereas in a structural wall the web would 
provide out-of-plane restraint at the adjacent boundary element. Such differences were not likely to 
have a significant effect on the response of the confined core of a boundary element in compression, 
and therefore the prism tests were used to evaluate the compressive response of the boundary element. 
7.2. ACI 318 Detailing Requirements for Boundary Elements 
Current detailing requirements for boundary elements within special reinforced concrete structural 
walls are prescribed in ACI 318-14 [1], however this research project was initiated under ACI 318-11 
[6]. Therefore, the requirements pertaining to boundary elements in both codes are reviewed and 
compared. It is noted also that the Chilean code in effect during the earthquake was based largely on 
ACI 318-08 [7], however ACI 318-11 [6] provides the same detailing requirements as ACI 318-08 [7] 
and therefore a comparison would be redundant. 
Within both versions of ACI 318, special boundary elements (SBEs) are required if compressive 
strains, or stresses if using the stress-based approach, are high; this is restricted by means calculating 
a maximum neutral axis depth. Under a typically assumed drift capacity of 2%, this corresponds to a 
maximum neutral axis depth of 6% of the wall length per ACI 318-14 [1] (8% per ACI 318-11 [6]). If 
these limits are not exceeded, more relaxed vertical spacing requirements for the transverse 
reinforcement can be used. Although no official term is provided in ACI 318, boundary elements that 
are not required to meet the SBE limits are commonly referred to as “ordinary” boundary elements 
(OBEs).  
Both types of boundary elements were studied in this project, although it should be noted that the 
OBE specimens do not meet the ACI 318-14 [1] requirements for OBEs due to the new vertical 
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spacing requirement in regions where yielding of longitudinal reinforcement is expected. As the 
specimens were designed using the ACI 318-11 [6], they are referred to as OBEs; the vertical spacing 
in these specimens exceeds the maximum permitted by ACI 318-14 [1] by 25%. 
Detailing requirements in regions where yielding of the longitudinal reinforcement is expected are 
shown for each detail class (OBE and SBE) in Table 7.1 for both ACI 318-14 [1] and ACI 318-08/11 
[7] [6]. Changes from the 2008/2011 code to the 2014 code are indicated in red. Figure 7.2 shows a 
typical boundary element cross-section detail annotated with the design variables used in Table 7.1, 
for reference. The quantity c refers to the neutral axis depth corresponding to the largest axial force 
and moment strength of the wall; hu is the unbraced (slab to slab) height of the wall (and does not 
refer to the effective height of the wall). 
In addition to studying boundary elements that met the OBE and SBE requirements, this study 
evaluated boundary elements that exceeded the SBE requirements by restraining every bar; these are 
referred to “enhanced special” boundary elements (xSBEs). (Note that the difference between 
companion SBE and xSBE specimens is the number of bars that were restrained)  
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Table 7.1. ACI 318 Boundary Element Detailing Requirements 
  ACI 318-08 [7] / ACI 318-11 [6] ACI 318-14 [1] 
B.E. 
Class 
Design Par. 
Code 
Section 
Provision Code Section Provision 
OBE 
lbe,min 21.9.6.4a 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 18.10.6.5 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 
bmin - - 18.10.6.4a,b 𝑚𝑎𝑥 {
ℎ𝑢/16
12"
 
hmax 21.6.4.2 14” 18.7.5.2e 𝑚𝑖𝑛 {
2𝑏/3
14"
 
smax 21.6.4.3 8” 18.10.6.5 𝑚𝑖𝑛 {
6𝑑𝑏
6"
 
Ash,min 21.6.4.4 No Requirement - No Requirement 
Crosstie 
Hook Ext,’s 
2.2 (7.1.4) 𝑚𝑎𝑥 {
6𝑑𝑏
3"
 25.3.2 𝑚𝑎𝑥 {
6𝑑𝑏
3"
 
SBE 
lbe,min 21.9.6.4a 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 18.10.6.5 𝑚𝑎𝑥 {
𝑐 − 0.1𝑙𝑤
𝑐
2⁄
 
bmin - - 18.10.6.4a,b 𝑚𝑎𝑥 {
ℎ𝑢/16
12"
 
hmax 21.6.4.2 14” 18.7.5.2e 𝑚𝑖𝑛 {
2𝑏/3
14"
 
smax 21.6.4.3 𝑚𝑖𝑛 {
𝑏/3
6𝑑𝑏
4 + (
14 − ℎ𝑥)
3
)
 18.10.6.5 𝑚𝑖𝑛 {
𝑏/3
6𝑑𝑏
4 + (
14 − ℎ𝑥)
3
)
 
Ash,min 21.6.4.4 0.09
𝑠𝑏𝑐𝑓𝑐
′
𝑓𝑦𝑡
 18.10.6.4f 𝑚𝑎𝑥
{
 
 
 
 0.3𝑠𝑏𝑐 (
𝐴𝑔
𝐴𝑐ℎ
− 1)
𝑓𝑐
′
𝑓𝑦𝑡
0.09
𝑠𝑏𝑐𝑓𝑐
′
𝑓𝑦𝑡
 
Crosstie 
Hook Ext,’s 
2.2 (7.1.4) 𝑚𝑎𝑥 {
6𝑑𝑏
3"
 25.3.2 𝑚𝑎𝑥 {
6𝑑𝑏
3"
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Figure 7.2. ACI 318-14 [1] Boundary Element Annotation 
7.3. Specimen Database 
The recommendations in this chapter are based on testing and analysis of specimens from four 
(4) independently performed experimental studies [20], [21], [23], [24], including testing by Welt et al. 
[57]. In each study, rectangular reinforced concrete prisms were axially loaded. The primary study 
parameters included: (a) load history: cyclically with or without tensile pre-strain, or monotonically 
with or without tensile pre-strain, (b) BE classification, (c) impact of vertical reinforcement, and (d) 
configuration of confining steel (e.g., vertical spacing, use of crossties). Select specimens are shown in 
Table 7.2, Table 7.3, and Table 7.4, which correspond to specimens that met the OBE, SBE, and 
xSBE classifications. Each table provides salient design parameters and cross-sectional details. Note 
that for comparison with ACI 318 requirements, all specimens are scaled assuming a 12 in. full scale. 
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Table 7.2. Ordinary Boundary Element (OBE) Specimen Geometry and Detail 
 
Longitudinal 
Bar Restraint 
Lead Author – 
Specimen ID 
s/db 
ρ2 
(Major Axis) 
Detail 
OBE 
(or 
lesser) 
90o-135o 
Crossties 
Massone – P5 
Massone – P17 
Massone – P18 
(2014) 
5.6 0.6% 
 
Massone – P13 
(2014) 
8.3 0.5% 
Massone – P24 
(2014) 
5.6 0.8% 
 
Creagh – S2 
(2010) 
2.7 1.6% 
 
135o-135o 
Crossties 
Massone – P21 
Massone – P22 
(2014) 
5.6 0.6% 
 
Massone – P23 
(2014) 
5.6 0.8% 
 
180o-180o 
Crossties/Closed 
Hoops 
Welt – CS8 
Welt – CS9 
(under review) 
8.0 0.7% 
 
Chrysanidis – 
CH1 
(2012) 
10.5 0.7% 
 
 
Mander – MR5 
(1988) 
6.0 0.9% Figure 7.3(a) 
Mander – MR14 
(1988) 
2.5 2.3% Figure 7.3(c) 
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Table 7.3. Special Boundary Element (SBE) Specimen Geometry and Detail 
 
Longitudinal 
Bar Restraint 
Author – 
Specimen ID 
s/db 
ρ2 
(Major Axis) 
Detail 
SBE 
90o-135o 
Crossties 
Welt – CS14 
Welt – CS15 
(under review) 
4.0 1.0% 
 
180o-180o 
Crossties/Closed 
Hoops 
Welt – CS1 
Welt – CS5 
(under review) 
4.0 1.0% 
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Table 7.4. Enhanced Special Boundary Element (xSBE) Specimen Geometry and Detail 
 
Longitudinal 
Bar Restraint 
Author – 
Specimen ID 
s/db 
ρ2 
(Major Axis) 
Detail 
xSBE 
90o-135o 
Crossties 
Welt – CS10 
Welt – CS11 
(under review) 
4.0 2.0% 
 
135o-135o 
Crossties 
Welt – CS16 
(under review) 
4.0 1.7% 
 
Welt – CS17 
(under review) 
4.0 1.7% 
 
Mander – MR11 
(1988) 
3.1 1.4% Figure 7.3(b) 
180o-180o 
Crossties/Closed 
Hoops 
Welt – CS6 
Welt – CS7 
(under review) 
4.0 2.0% 
 
Mander – MR1 
Mander – MR2 
(1988) 
2.1 2.0% Figure 7.3(a) 
Mander – MR9 
(1988) 
2.1 2.7% Figure 7.3(a) 
Mander – MR10 
(1988) 
1.6 2.7% Figure 7.3(b) 
Mander – MR3 
(1988) 
4.0 2.7% Figure 7.3(d) 
Mander – MR4 
(1988) 
2.1 2.7% Figure 7.3(e) 
Mander – MR6 
(1988) 
3.5 4.2% Figure 7.3(f) 
Mander – MR12 
(1988) 
2.6 4.2% Figure 7.3(g) 
Mander – MR13 
(1988) 
2.5 5.8% Figure 7.3(h) 
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(a) – MR1, MR2, MR5, MR9 (b) – MR10, MR11 
  
(c) (d) 
  
(e) (f) 
  
(g) (h) 
Figure 7.3. Mander et al. [20] Specimen Cross-Sections 
The database provides a broad spectrum of compliance relative to the detailing requirements 
prescribed in ACI 318-14 [1]. As previously mentioned, the prism specimens were designed per ACI 
318-11 [6], and therefore the database was analyzed for compliance to both codes.  
Figure 7.4 shows the compliance of all of the specimens with respect to the major axis transverse 
reinforcement ratio, ρ2, and Figure 7.5 shows the compliance of all of the specimens with respect to 
the transverse spacing to longitudinal bar diameter ratio, s/db. As shown, most of the tests performed 
by Mander et al. [20] exceeded the volumetric and minimum spacing limits of ACI 318. Lastly, Figure 
7.6 is a shows major axis transverse reinforcement ratio, ρ2, of the database of specimens as a function 
of s/db. This is cause for concern, as the most common constitutive model for confined concrete is 
based on the results of those tests. Note that NBE refers non-compliant boundary elements, that is, 
those that do not meet the minimum requirements for OBEs. 
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(a) (b) 
Figure 7.4. Transverse Reinforcement Ratio Compliance per (a) ACI 318-14 [1], and (b) ACI 318-08/11 [7] [6] 
  
(a) (b) 
Figure 7.5. Transverse Reinforcement Spacing Compliance of Specimens per (a) ACI 318-14 [1], and (b) ACI 318-08/11 
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Figure 7.6. Spectrum of Database Specimens - Major Transverse Axis Ratio vs. Spacing 
7.4. Influence of Detailing on Compressive Performance 
The experimental results were used to evaluate the effectiveness of the confinement spacing and 
configuration on confined strength and strain capacity. To evaluate the confined strength, the 
measured concrete stress, defined as the measured compressive contribution of the concrete, Pc, 
divided by the core area, Acore, is normalized to the test-day compressive strength, fc’. The performance 
of specimens of various detail classifications (i.e., OBE, SBE, and xSBE) are presented in this section, 
in addition to an evaluation the effects of specific detailing parameters. 
7.4.1. Boundary Element Detailing Classification 
The primary differences in the detailing classifications are: (1) spacing and (2) number of 
longitudinal bars restrained. Figure 7.8 shows the final damage states of each specimen shown in 
Figure 7.7. As shown, specimens with OBE detailing or worse exhibited bar buckling failures within 
a limited region just after the peak strength is achieved. In contrast, the SBE and xSBE specimens 
maintained some bar stability over the damage length, with the xSBE specimen being the sole 
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specimen capable of achieving damage along its entire length (i.e., spreading of plastic action, as is 
assuming in most special RC walls). 
 
Unconf. 
(Massone) 
s/db = N/A 
 
NBE 
(Massone) 
s/db = 6 
 
OBE 
(Welt) 
s/db = 8 
 
SBE 
(Welt) 
s/db = 4 
 
xSBE 
(Welt) 
s/db = 4 
 
Figure 7.7. Normalized Stress vs. Average Strain of Various Detail Classifications 
 
Unconf. NBE OBE SBE xSBE 
s/db = N/A s/db = 6 s/db = 8 s/db = 4 s/db = 4 
     
(Massone) (Massone) (Welt) (Welt) (Welt) 
Figure 7.8. Final Damage State of Various Detail Classifications 
     
Unconf. NBE OBE SBE xSBE 
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The impact of longitudinal reinforcement was also assessed for the various boundary element 
classifications, including OBE, SBE, and xSBE. Figure 7.9 shows the compressive response of 
specimens with and without longitudinal reinforcement, and Figure 7.10 shows the final damage states. 
Figure 7.9 indicates that the compressive response was similar in specimens with and without 
longitudinal reinforcement, unless every bar was restrained (with a closed hoop), as exhibited by the 
xSBE specimen. In this case, significantly additional strength and strain capacity was realized, 
indicating that well-restrained longitudinal reinforcement contributed significantly to the performance 
of confined concrete. 
 
Figure 7.9. Response of Specimens with and without Longitudinal Reinforcement 
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(a) – s/db = 8 (b) – s/db = 4 (c) – s/db = 4 
   
   
(d) – s/db = 8 (e) – s/db = 4 (f) – s/db = 4 
   
Figure 7.10. Final Damage States of Specimens with and without Longitudinal Reinforcement 
7.4.2. Effect of Specific ACI 318 Detailing Parameters 
The results indicate that certain detailing parameters have a more significant effect on performance 
than others, and in some cases, the effects of lower importance parameters are only observable when 
higher importance parameters meet specific limits. For clarity, Figure 7.11 is a flowchart that describes 
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hierarchy of importance of the various ACI 318 boundary element detailing parameters. Development 
of crossties is defined as shown in Figure 7.12. Note that minimum area of transverse reinforcement 
is controlled by the minimum transverse reinforcement ratio. 
 
Figure 7.11. Hierarchy of Important for ACI 318 Detailing Parameters 
 
Transverse 
Reinforcement Ratio
Regularity and Spacing 
of  Restrained 
Longitudinal 
Reinforcement
Development of  
Transverse 
Reinforcement
Spacing of  Transverse 
Reinforcement
s/db ≤ 4
ld,CT ≥ ldh,ACI
hx/b ≤ 2/3
hx ≤ 8 in.
All bars restrained
ρt > .25*fc'/fyt
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Figure 7.12. Development of Crossties 
7.4.2.1. Spacing of Transverse Reinforcement 
The spacing of the transverse reinforcement, as a function of the longitudinal bar diameter (s/db), 
has a significant effect on compressive performance. The influence of s/db can clearly be seen in Figure 
7.13, in which the measured peak stress and strain capacity are plotted versus s/db. This figure includes 
the entirety of the database of prism-test databse described earlier. As shown, significant strength or 
deformation benefits are only realized in specimens with s/db of 4.0 or less. Note that the maximum 
spacing (based on longitudinal bar diameter) per ACI 318 (08, 11, and 14) for special boundary element 
is 6db. 
  
(a) (b) 
Figure 7.13. Influence of s/db on (a) Peak Stress, and (b) Strain Capacity 
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7.4.2.2. Development of Transverse Reinforcement 
The development of the transverse reinforcement was found to have a significant effect on 
compressive performance. This effect was observed most significantly in specimens with an s/db of at 
most 4.0, as only those specimens exhibited any significant performance benefits in the confined core. 
Figure 7.14 shows the performance of specimens with s/db of at most 4.0; the data is differentiated in 
the figure by specimens with and without fully developed transverse reinforcement. There is currently 
no ACI 318 requirement for developed of transverse reinforcement. Note that in these analyses, closed 
hoops and 180o-180o crossties are assumed to be fully developed. 
  
(a) (b) 
Figure 7.14. Influence of Development of Transverse Reinforcement on (a) Peak Stress, and (b) Strain Capacity 
7.4.2.3. Spacing and Regularity of Restrained Longitudinal Reinforcement 
In specimens with fully developed crossties, and an s/db of at most 4.0, the spacing and regularity 
of longitudinal reinforcement was found to impact the compressive performance. Figure 7.15 shows 
the performance of the truncated set of existing test data (those specimens meeting the spacing and 
development requirements stated above) as a function of both the spacing of restrained longitudinal 
bars, and this spacing divided by the specimen thickness. Note that specimens with s/db less than 3 
are denoted in the figure, as the performance benefits in these specimens is likely more a result of s/db.  
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The ACI 318 limit for spacing of restrained bars is currently 14 in. (for 2008, 2011, and 2014), and 
the current limit for this spacing divided by the thickness, b, is 2/3 (no requirement was prescribed 
for this parameter in the 2008 or 2011 codes).  
The data indicates that with other parameters held reasonably constant, specimens with restrained 
longitudinal reinforcement spaced at most at two-thirds the thickness (or at most 8 in.) provide 
significant performance benefits. Furthermore, specimens with every longitudinal bar restrained 
(typical of specimens that meet the previously stated requirements) appear to perform better than 
those with every other bar restrained. 
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(a) (b) 
  
(c) (d) 
Figure 7.15. Influence of Spacing and Regularity of Restrained Longitudinal Reinforcement on Performance 
7.4.2.4. Major Axis Transverse Reinforcement Ratio 
The transverse reinforcement ratio was found to have a significant effect on compressive 
performance. It is important to note, however, that this parameter is closely linked to the spacing of 
restrained longitudinal reinforcement, and as such shows similar trends. For specimens with s/db of at 
most 4.0, and fully developed transverse reinforcement, the normalized major axis (consistent with 
the length dimension) transverse reinforcement ratio is shown in Figure 7.16 to significantly improve 
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the peak stress and strain capacity. Currently, the ACI 318 limit (in 2008, 2011, and 2014) for special 
boundary elements is 0.09, or 0.3*[(Ag/Acore) – 1], however the latter requirement typically only controls 
in very thin sections, or section with unusually large cover. The figure indicates that specimens with a 
normalized major axis transverse reinforcement ratio of 0.25 or more exhibit significant performance 
benefits. 
  
(a) (b) 
Figure 7.16. Influence of Normalized Transverse Reinforcement Ratio on (a) Peak Stress, and (b) Strain Capacity 
7.5. Performance-Based Detailing Recommendations 
The test results indicate that certain detailing parameters have a more significant effect on 
compressive performance than others, and that many detailing parameters are in fact interrelated. For 
this reason, three (3) performance-based levels of boundary element detailing are proposed, as shown 
in Figure 7.17, Figure 7.18, and Figure 7.19. Detail Level 1 corresponds to the minimum ACI 318-14 
[1] requirements for special boundary elements. Detail Level 2 is an improvement on Detail Level 1, 
to include a maximum s/db of 4.0, fully developed transverse reinforcement, and a maximum spacing 
of restrained longitudinal bars equal to 8 in. Detail Level 3 further improves on Detail 2, including a 
minimum transverse reinforcement ratio of 0.25*fc’/fyt, and requires each longitudinal bar to be 
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restrained. A comparison of the measured response of representative specimens meeting each level of 
detailing is shown in Figure 7.20. 
 
Figure 7.17. Detail Level 1 
 
Figure 7.18. Detail Level 2 
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Figure 7.19. Detail Level 3 
 
Figure 7.20. Measured Response of Boundary Element Specimens Meeting each Detailing Level 
Each detailing level corresponds to a specific set of expected performance goals (i.e., peak stress 
and strain capacity). Table 7.5 shows the expected performance parameters of each detailing level, and 
the applicability of the Mander (1988) model. The accuracy of the predicted performance parameters 
proposed by Mander et al. [25], is noted for each detailing level. The Mander model is typically 
accepted as a means for estimating the performance of confined concrete, however the data suggests 
that this is only true under certain detailing conditions. 
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Table 7.5. Summary of Detail Level Strength and Strain Capacity, and Corresponding Accuracy of Mander [25] Model 
 
Expected 
Strength 
(fcc’/fc’) 
Expected Strain 
Capacity 
Mander 
Accuracy – 
Expected 
Strength 
Mander 
Accuracy – 
Expected Strain 
Capacity 
Detail Level 1 
(ACI 318-14 
SBE) 
1.2 0.5% 
YES 
(for developed 
trans. reinf.) 
NO 
Detail Level 2 1.5 2.0% YES NO 
Detail Level 3 1.7 3.0% YES YES 
 
Note that the accuracy of the Mander model is based on the assumption that the formulation for 
the effectively confined core area is based on assuming that arching occurs only at restrained 
longitudinal bars (as further described in Chapter 6). Where transverse reinforcement is not fully 
developed, the confinement effectiveness factor can be multiplied by a factor, kCT, equal to the crosstie 
development divided by the ACI 318-14 [1] minimum development length for hooked bars (shown 
in Equation 7.1). This modified confinement effectiveness factor can be used to accurately predict the 
peak stress using the Mander formulation (explained further in Chapter 6). 
 kCT = 
ld,CT
ldh,ACI
 Equation 7.1 
 
Where the Mander model is inaccurate in predicting the strain capacity (i.e., Detail Level 1 and 2), 
the expression defined in Equation 7.2 is proposed. This expression is calibrated based on the test 
results from this experimental program, and validated using the existing prism database. Reference 
Chapter 6 for further detail. In the expression, nl,restr is the number of restrained longitudinal bars, nl,tot 
is the total number of longitudinal bars, ρs is the volumetric reinforcement ratio, and kCT is defined in 
Equation 7.1. 
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 ε20% Loss= (
1
230
) (
fyl
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'
)(
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nl,tot
)(
ρ
s
fyt
(s db⁄
)
)min {
1.0
1.25kCT
 Equation 7.2 
 
In Chapter 6, a suite of simulated prototypical walls were discussed, with an emphasis on the effect 
of boundary element length with respect to the neutral axis depth (as calculated at the nominal 
moment, with any axial loads, using a plane section assumption). The simulated data suggested that 
this ratio of boundary element length to neutral axis depth has a significant effect on the drift capacity 
of structural walls. Specifically, in wall specimens designed to meet the minimum ACI 318-14 [1] 
requirements for special boundary elements, 2.0% drift capacity was only realized when the boundary 
element length was at least equal to the entire length of the compression zone corresponding to the 
nominal moment strength, Mn (i.e., lbe/cMn equal to 1.0). This is alarming, as the ACI 318-14 [1] 
minimum boundary element length is typically controlled by a length equal to half that of the neutral 
axis depth (calculated in the same manner).  
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Chapter 8: Conclusions & Recommendations for Future Work 
The majority of medium to high-rise concrete buildings in the United States (specifically in high-
seismic regions) are constructed using reinforced concrete walls as their primary lateral load-resisting 
system. These components are expected to undergo flexural yielding and dissipate energy through 
yielding of the longitudinal reinforcement. Strength degradation is typically attributed to longitudinal 
bar fractures. However, recent earthquakes and laboratory tests (see Chapter 2) demonstrate that 
reinforced concrete structural walls are susceptible to compression, rather than tension controlled 
response. As such, the performance of the confined boundary elements within reinforced concrete 
structural walls, may not be fully understood.  
The purpose of this report was to evaluate the response of boundary elements using experimental 
research methods, and develop predictive modeling tools for the compressive performance of 
rectangular reinforced concrete prism members that represent the confined boundary elements within 
reinforced concrete structural walls. Finally, these were combined to set forth a hierarchy of boundary 
element detailing to improve cyclic response, and therefore structural ductility. 
The experimental program included nineteen (19) 2/3-scale rectangular reinforced concrete prism 
specimens, tested uniaxially with a reversed-cyclic loading protocol, or simply in monotonic 
compression. The analytical component included evaluation of commonly used predictive modeling 
tools relative to the test data. Modifications were proposed for parameters that were not accurately 
predicted by such commonly used predictive modeling tools. These methods were validated using 
existing databases of both rectangular reinforced concrete prism specimens (uniaxial tests) and 
structural wall tests. Those results were compiled to develop a hierarchy of detailing to develop 
moderate to excellent compressive capacity. 
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8.1. Conclusions 
The following observations and conclusions are presented in summary of the research performed 
in support of this dissertation: 
 ACI 318-14 [1] compliant special boundary elements provide minimally larger strength 
and strains as compared with unconfined reinforced concrete (reinforced concrete without 
confining steel). Specimens from multiple test programs that met the minimum ACI 318 
special boundary element requirements (2014) exhibited peak core confined stresses of 
not more than 120% of the test-day, unconfined strength of the concrete, and at most 
0.5% compressive strain capacity (corresponding to a 20% loss in load-carrying capacity). 
(Note test day unconfined concrete and 0.3% strain capacity is expected from unconfined 
reinforced concrete prisms). 
 Improvement in performance of confined concrete, specifically in rectangular sections, 
depends on a hierarchy of detailing parameters. The following detailing parameters were 
found to have significant effects on compressive performance, in order of importance: (i) 
the ratio of the vertical spacing of transverse reinforcement to the longitudinal bar 
diameter, s/db, (ii) the development of the transverse reinforcement (meeting hooked bar 
development requirements in ACI 318-14 [1]), (iii) the spacing and regularity of restrained 
longitudinal bars (i.e., all bars rather than every other bar restrained), and (iv) the transverse 
reinforcement ratio (with a baseline of 0.25*fc’/fyt crosstie required for all). These findings 
specifically address the first research objective stated in Chapter 1. 
 Existing methods (i.e., Mander et al. [25]) for predicting the compressive strength and 
strain capacity are only accurate under the following conditions: (i) s/db is at most 4.0, (ii) 
the transverse crosstie reinforcement is fully developed, (iii) every longitudinal bar is 
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restrained and spaced no further than two-thirds the thickness, and (iv) the transverse 
reinforcement ratio is at least 0.25*fc’/fyt. 
 A constitutive model, including predictive formulations for strength and strain capacity, is 
proposed for situations where existing methods (i.e., Mander et al. [25]) are inaccurate in 
estimating the compressive performance of boundary elements. The proposed model also 
provides an accurate means with which to calculate the crushing energy of confined 
concrete, for use in accurate modeling of structural wall performance. These formulations 
specifically address the second research objective stated in Chapter 1. 
 Three performance-based levels of detailing are proposed that offer the design engineer 
both a general estimate of compressive performance of the boundary element and a sense 
of the applicability of existing (i.e., Mander et al. [25]) methods for predicting the 
performance of boundary elements. These recommendations specifically address the third 
research objective stated in Chapter 1. 
8.2. Recommendations for Future Work 
The research program described in this report was undertaken with the objective of evaluating the 
impact of salient detailing parameters on the compressive response of boundary elements in concrete 
walls subjected to seismic loading. The work has resulted in modifications to a well know concrete 
constitutive model (Mander et al. [25]) to account for the experimentally determined response of 
boundary elements in walls.  
However, the research shows that there are gaps in the experimental data for both walls and 
boundary elements as well as needs for nonlinear simulation. The following recommendations for 
future work are proposed to extend the body of experimental data to isolate the critical parameters. 
Note that some other recommendations for future usage of a photogrammetric system in structural 
testing are discussed in Appendix A. 
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8.2.1. Suggested Boundary Element Testing 
Although the database of boundary element tests developed as a part of this study evaluated a 
wide range of detailing parameters, there were several untested parameter values. In addition, the 
existing database of boundary elements is somewhat limited, and therefore a statistical analysis was 
not specifically applicable. An enhanced set of boundary element tests recommended here would then 
also provide enough data to perform statistical analyses in order to further support the proposed 
constitutive model and boundary element detailing.  
The following parameters should be studied further experimentally, as discussed below and 
summarized in Table 8.1; it is important in these suggestions that all other parameters be held as 
constant as possible. 
Table 8.1. Suggested Boundary Element Testing Parameters 
Parameter 
Suggested Test 
Range 
Objective 
Reference 
Specimens 
Normalized 
Development 
Length 
(ld,CT/ldh,ACI) 
0.5 – 1.5 
To further evaluate 
the effect of 90o-135o 
crosstie development 
length on boundary 
element compressive 
performance 
CS10/CS11, 
CS14/CS15 
Regularity of 
Restrained 
Longitudinal 
Reinforcement 
For constant s/db and 
ρt: 
Every Bar Restrained, 
Every Other Bar 
Restrained 
To specifically 
evaluate the effect of 
how often longitudinal 
bars are restrained, 
eliminated any 
supplemental effects 
from varying other 
detailing parameters 
CS8/CS9, CS1/CS5, 
CS6/CS7 
Horizontal Spacing 
of Confinement 
(hx) 
8 – 14 in. 
To fill the gaps in 
existing data up to the 
maximum ACI 318-14 
[1] spacing 
requirements 
CS8/CS9, CS1/CS5, 
CS6/CS7 
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 Development Length: The data shows that the strength and strain capacity of confined 
concrete is reduced if the crosstie length does not meet the development length 
requirements in the ACI 318-14 [1] minimum requirement for 90o hooked bars. 
However, this was note specific focus of the boundary element testing. A series of 
tests with both fully developed and undeveloped (over a reasonable range) crossties 
that mirror the 90o-135o crosstie tests in this program is suggested. 
 Alternating Restrained Longitudinal Bars: The data suggests an increase in both 
strength and strain capacity of confined concrete when all longitudinal bars are 
restrained. However, changing this parameter from restraining every other to every 
bar also increases the area of the confining reinforcement. To isolate this parameter, a 
series of tests that have the same area and vertical spacing of confinement but varies 
the bar restraint is suggested. 
 Horizontal Spacing of Confining Steel, hx: The tests suggest that maximum horizontal 
spacing of the confinement should be less than 8 in for optimal performance. 
Although the ACI 318-14 [1] maximum spacing requirement is 14 in., few data points 
evaluate this limit. Therefore, specimens should be tested to evaluate a range of hx 
from 8 to 14 in. to further investigate the proposed boundary element detailing limits. 
8.2.2. Confined Concrete Constitutive Model 
The proposed modifications to the concrete constitutive model by Mander et al. [25] were based 
on the response of rectangular compression elements. Additional study to investigate the applicability 
of this to rectangular (including square) columns in needed. The evaluation could be made using an 
existing database of column tests such as the PEER structural database 
(http://nisee.berkeley.edu/spd/). 
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In addition, the proposed model uses a strain at peak strength of 0.5%. This value is based on an 
average using the full database of tests, however it is possible that some variation in this estimation 
may exist. The data suggests that such variation would only occur in very well-confined specimens, 
but more data on this parameter would be useful for further validation of the suggested constitutive 
model. 
8.2.3. Suggested Structural Wall Testing and Analysis 
A systematic experimental study is needed to study the performance of structural walls designed 
to meet the proposed performance-based levels of detailing. There are few large-scale wall tests in the 
existing experimental database that meet even the minimum ACI 318-14 [1] requirements for special 
reinforced concrete structural walls with special boundary elements. The following parameters should 
be studied further experimentally, as discussed below and summarized in Table 8.2. 
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Table 8.2. Suggested Structural Wall Testing Parameters 
Parameter Suggested Test Range Objective 
Cross-Sectional Aspect 
Ratio 
(lw/b) 
20 – 40 
To evaluate the effect of 
CSAR, specifically CSAR 
representative of modern 
construction, on wall drift 
capacity 
Boundary Element Length 
(lbe/cMn) 
0.5 – 1.5 
To evaluate the effect of 
boundary element length with 
respect to the length of the 
compression zone as 
calculated at nominal moment 
using sectional analysis 
Tensile Pre-Strain 1% – 6% 
To evaluate the effect of pulse 
loading on wall response, such 
as would be found in near-
fault structures 
Shear Demand 3 – 8*√fc’ 
To evaluate compressive 
response of boundary 
elements in walls under high 
shear, and develop additional 
modeling methods to capture 
this effect 
Axial Load Ratio 20% - 40% 
To evaluate the effect of 
significant axial loads on drift 
capacity 
 
 Cross-Sectional Aspect Ratio (CSAR): Most of the existing tests have cross-sectional 
aspect ratios that are much less than what is commonly built. Experimental and simulated 
data (as discussed in this report) shows that smaller cross-sectional aspect ratio can lead to 
larger drift capacity, and therefore a series of tests at larger and more commonly built 
cross-sectional aspect ratios is required. 
 Boundary Element Length, lbe: The suggested investigation would also review the ratio of 
the boundary element length to the neutral axis depth. The boundary elements in the 
majority of existing wall tests extend over nearly the entire length of the compressive 
neutral axis depth, which is not indicative of the ACI 318-14 [1] minimum requirements 
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(where only half the neutral axis depth is required to be detailed as a boundary element). 
Under significant displacement demands, the compressive strain at the interface of the 
compression boundary element and the web may be large, which the lightly reinforced 
web may not be able to support. Further wall test data is needed to show that this is the 
case, and so such a study could result in specific changes to the ACI 318-14 [1] 
requirements for boundary element length. 
 Tensile Pre-Strain: The effects of large tensile pre-strain (1% and greater) in a structural 
wall specimen should be systematically studied by varying the load history. This would 
specifically pertain to structures located in near-fault regions, where a significant pulse load 
could occur. A loading protocol indicative of near-fault response for reinforced concrete 
would need to be developed to accurately simulate this effect. It would be important, based 
on the results of this suggested study, to then include any effects from tensile pre-strain 
into the modeling recommendations. 
 Shear Demand: The suggested wall modeling techniques described in this report are 
limited to modeling compression failures in the boundary element that are not impacted 
by the shear demand. A series of tests that evaluate the impact of shear demands on the 
compressive response of boundary element meeting the range of detailing levels is 
required. This study could help in the development of additional wall modeling parameters 
to accurately account for significant shear demand. 
 Axial Load Ratio: The simulated and experimental data show that axial loads (greater than 
10%) can reduce the drift capacity in concrete walls. The experimental data is relatively 
limited in terms of higher axial load ratios, and therefore a series of tests investigating the 
effects of significant axial loads (perhaps up to 40%, as may occur due to both gravity and 
earthquake loads in modern buildings) on wall performance. 
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8.2.4. Design Considerations 
The simulated and test results show that walls with different levels of detailing have different 
capacities. These increases in capacities could be advantageous to the seismic design, and this benefit 
needs to be accounted for in the force reduction, or R-factors, that are used in the equivalent lateral 
force procedure in ASCE 7-10 [58]. These different R-factors could be quantified using the P-695 [59] 
evaluation procedure and the constitutive modeling approaches developed as part of this research. 
Evaluation of detail level 1, or ACI 318-14 [1] detailing of special boundary elements, was conducted 
by Pugh [54]. That study found that the current R-factor for special walls is too high and results in 
unacceptable levels of collapse. However, this research shows that this result in not unexpected as that 
level of detailing results in a strain capacity of approximately 0.5%. It is expected that higher levels of 
detailing would result in higher R-factors. Therefore it is suggested that a similar study be conducted 
to investigate the impact of building height and detailing on R-factors.    
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Appendix A: Photogrammetry – Means and Methods 
This appendix summarizes the means and methods for implementing photogrammetry as a means 
for non-contact instrumentation. As described in the dissertation, this system was found to be 
qualitative in nature, and was not reliable following the onset of damage which compromised the 
integrity of the targets. 
A.1 Introduction to Photogrammetry 
Photogrammetry is the process of determining the position (through triangulation) of a given 
object using photos taken from multiple locations. Among many other applications, this process can 
be used, for example, to automatically generate as-built architectural drawings or track construction 
progress. This method has also been used to measured displacement fields in experimental testing 
[60], by means of tracking the location of uniquely-coded targets attached to a test specimen at 
locations of interest. In this application, multiple stationary cameras set at various angels are used to 
photograph the targeted specimen throughout the course of the test; the location of the targets at any 
given time during the test can be calculated, resulting in step-based displacement field data. 
Other similar systems exist, however are significantly more expensive and complicated. The Nikon 
Krypton system employs infrared-emitting diodes installed on the test specimen in a similar fashion 
to the coded targets used for photogrammetry. The Nikon Krypton system tracks the infrared light 
over the course of the test and calculates a step-based displacement field. This system is significantly 
more accurate than photogrammetry [60], however it also can cost more than $120,000 (at the time 
of print). Photogrammetry requires only a few DSLR cameras (about $1,000 each), and automatic 
triangulation software; PhotoModeler [45] was used for this project, which at the time of print was 
about $1,200. 
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A.2 Hardware and Software 
Camera and lens selection are important in ensuring the best possible accuracy for 
photogrammetry. The image resolution relates directly to the software’s ability to recognize the coded 
targets, and therefore cameras with at least 10 megapixels are recommended. Furthermore, it is 
important that the shutter speed, aperture, and ISO are configurable on the camera to ensure correct 
exposure without the use of a flash. At least three (3) photos (from different angels) are required of 
each target to calculate (through triangulation) to determine its 3-dimensional Cartesian location, 
however accuracy increases as more photos are added. Each camera must be stationary throughout 
the test so that the data is consistent at each step, and therefore at least three (3) cameras are required. 
The photogrammetry setup for this project is shown in Figure A.1. 
 
Figure A.1. Photogrammetry Setup 
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The software requires a certain sized coded-target based on the distance between the cameras and 
the target; the target must occupy a certain number of pixels to ensure the software can capture its 
position. Reasonable target sizes therefore require the cameras to be placed relatively close to the 
specimen, which in turn requires the use of small focal length lenses. Furthermore, cameras and lenses 
are calibrated in the software, which uses the focal length to directly triangulate the target position, 
and therefore fixed-focal length lenses are recommended. It is also recommended that the image 
stabilization and auto-focus features on the lenses can be turned off, further ensuring no changes to 
the focal length during the test. 20 mm fixed-focal length lenses were used in this project. 
There were two main software packages used in the photogrammetry system in this project; 
including the tracking software (PhotoModeler [45]) and remote triggering software (DSLR Remote 
Pro Multi-Camera [61]). PhotoModeler [45] recognizes the uniquely-coded targets in each photograph, 
and uses triangulation to determine unit-less 3-dimensions coordinates for each target. A premeasured 
set of scaling targets (see reference coordination system in Section A.3.2) is used to calibrate the units, 
resulting in engineering unit data for each target, which is an output from the software. DSLR Remote 
Pro Multi-Camera [61] is used to remotely (and simultaneously) trigger the camera shutters, ensures 
that the photographs correspond to the same point during testing. This system also prevents 
unnecessary camera vibration from manual shutter release, which increases the clarity (and thus 
resolution) of the images. 
A.3 Setup 
A.3.1 Targeting 
The resolution of the displacement field data over the course of testing is based on the layout of 
the uniquely-coded targets that are installed on the test specimen. A denser collection of installed 
coded targets would result in more data points on the test specimen. Figure A.2 shows a sample coded 
target, while the layout of the targets on the test specimen is shown in Figure A.1. 
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Figure A.2. Uniquely-Coded Photogrammetry Target 
As noted in the main dissertation document, spalling of the concrete renders the targets in the 
affected region useless. The spall either removes the target completely from the specimen, or presents 
an inaccurate representation of the concrete core at that affected location. To resolve this issue, targets 
may be attached to embedded anchors (1/4 in. cast-in steel rods were used), however the density of 
targets using this method is usually smaller due to the difficulty of installation. This method is typically 
accurate until core crushing. 
A.3.2 Reference Coordinate System 
As previously mentioned, the software triangulates the relative (unit-less) positions of each of the 
targets. To convert the unit-less data to engineering units, a reference coordinate system was installed. 
This is essentially a set of three (3) targets in an L-shape, where the distance of each leg is measured 
as accurately as possible. This reference system is used during post-processing (described later) to 
convert the unit-less displacement field into engineering units. Figure A.3 shows the reference targets 
installed near the specimen. 
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Figure A.3. Reference Targets 
A.3.3 Considerations for Camera Setup 
The layout of the cameras is important with respect to the accuracy of the software in triangulating 
the location of each target. At a minimum, each target must be photographed from three (3) different 
cameras (more specifically viewing angels), and the cameras should be oriented so that the lines of 
sight at as close to 45o apart as possible. Ideally, four (4) or more camera views should capture each 
target. Six (6) cameras were used to photograph the front of the specimen during the first two (2) 
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tests, however after this point one of the camera lenses was damaged. From this point, four (4) cameras 
were used for the photogrammetry on the front of the specimen, and one on the side (using a different 
method, described in Chapter 3). The target mesh should occupy as much of the camera view as 
possible, allowing for viewing of the reference targets. This helps to eliminate the effects of lens 
distortion. 
Camera settings also play an important role in the accuracy of photogrammetry. In addition to the 
exposure settings described earlier (shutter speed, aperture, and ISO), the white balance should also 
be set to the specific conditions (i.e., fluorescent lighting, as would be common in most testing 
scenarios). Maintaining this setting (and the other listed exposure settings) prevents the camera from 
changing the internal setting between cameras for any reason, which typically results in a change of 
focal length. The aperture should be set as small as possible, to ensure that as much of the image is in 
focus as possible. Without a flash, this typically requires a slower shutter speed to capture enough 
light; the shutter speed can be improved if the lighting is improved, for example with flood lights. 
Increasing the ISO can also help to reduce the shutter speed, however a larger ISO also results in 
more noise in the photo (and therefore less resolution). During system testing, it was found that faster 
shutter speed is more important than lower ISO, however each application is different; a large aperture 
is of the highest importance with respect to the exposure settings. 
A.4 Post-Processing 
Post-processing of the results is required to develop displacement fields at each step. During 
testing, the photographs are collected at each desired step (using DSLR Remote Pro Multi-Camera 
[61]), and therefore no actual processing completed during this time. After testing, PhotoModeler [45] 
is must be run for each load step during which photographs were taken, resulting in an output file for 
each load step. PhotodModeler can output the data into a Microsoft Excel [46] file for manipulation; 
here, the unit-less data can be converted into engineering units using the measured versus 
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PhotoModeler [45] distances between the reference targets. This yields an array-based set of 
engineering unit data for the displacement field at a given load step. This tedious process can be greatly 
expedited using the Visual Basic tools in Microsoft Excel [46], which can be programmed to call the 
PhotoModeler [45] software, run the photogrammetry analysis, import the unit-less data, convert it to 
engineering units, and then save it in a master spreadsheet that includes all of the loading steps. 
The resulting full set (including all loading steps) of displacement field data can then be 
manipulated to present the compressive strain distributions shown in Chapter 4. MathWorks Matlab 
[47] is used for this process in this project, which can create contour plots of 3-dimensional arrays, 
such as those made up of X-Y location data, and “Z” strain distribution data. 
A.5 Comments on Usage and Accuracy 
The photogrammetry system, on paper, seemed to be an inexpensive yet accurate tool for 
measuring the 3-dimensional displacement of the test specimens throughout the tests. During initial 
testing, the accuracy was shown to be about 0.1%, which unfortunately is on the same order of 
magnitude of lower strain values. It was therefore concluded that the system could only be used as a 
qualitative means with which to determine stress concentrations in the specimens, and not specifically 
to measure the exact strains. 
Furthermore, the system was not reliable following the onset of compressive damage in the 
concrete (i.e., spalling). At this point, the target would either fall off of the specimen, or become 
erroneous with respect to the concrete core deformation. The issue was mildly resolved using the 
embedded targets, however these were only reliable until the onset of crushing. In conclusion, the 
system is accurate in theory, however a better means for application in reinforced concrete must be 
developed if it is to be used for future tests. The performance of the embedded targets is promising, 
however installation of such targets was significantly time consuming. 
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This system could, however, be more applicable in a post-disaster assessment, such as after an 
earthquake. In this case, the uniquely coded targets could be affixed to the damaged structural 
components, and the information gathered could then be compared with the original as-built 
drawings. At the post-disaster state, all damage has already occurred, and therefore issues with targets 
falling off during the damage progression would not exist. Furthermore, the accuracy of such an 
assessment would be limited to building tolerances, which are well above that of the yield strain of the 
reinforcement, and therefore the photogrammetry system would be adequate. 
Such post-disaster assessments are currently being performed by unmanned aerial vehicle (UAV) 
photogrammetry systems, which can be significantly more accurate than the described 
photogrammetry system in this appendix. It may be possible that such a system could be implemented 
into a structural testing scenario, and should be explored in future tests. The Nikon Krypton camera 
system would also provide better photogrammetry results. This system tracks the position of 
embedded LED emitters that are affixed to the specimen. This system has a much higher level of 
accuracy than target-based photogrammetry, however would experience similar issues during damage 
progression with the LED’s falling off of the specimen. 
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Appendix B: Supplemental Prism Specimen Damage Photos 
This appendix presents supplemental damage photos for each of the prism tests presented in 
Chapter 4. Photos from each side of the specimen are presented for each of the damage states (i.e., 
spalling, crushing, buckling, or tie failure) are presented. In the figures, the notation for the various 
sides of the specimen is from the point of view of the photogrammetry cameras. 
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Spalling Crushing Buckling 
Figure B.1. Specimen CS1 (Front) 
   
Spalling Crushing Buckling 
Figure B.2. Specimen CS1 (Back) 
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Spalling Crushing Buckling 
Figure B.3. Specimen CS1 (Left) 
   
Spalling Crushing Buckling 
Figure B.4. Specimen CS1 (Right) 
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Spalling Crushing Buckling 
Figure B.5. Specimen CS2 (Front) 
   
Spalling Crushing Buckling 
Figure B.6. Specimen CS2 (Back) 
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Spalling Crushing Buckling 
Figure B.7. Specimen CS2 (Left) 
   
Spalling Crushing Buckling 
Figure B.8. Specimen CS2 (Right) 
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Spalling Crushing Buckling 
Figure B.9. Specimen CS4 (Front) 
   
Spalling Crushing Buckling 
Figure B.10. Specimen CS4 (Back) 
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Spalling Crushing Buckling 
Figure B.11. Specimen CS4 (Left) 
   
Spalling Crushing Buckling 
Figure B.12. Specimen CS4 (Right) 
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Spalling Crushing Buckling 
Figure B.13. Specimen CS5 (Front) 
   
Spalling Crushing Buckling 
Figure B.14. Specimen CS5 (Back) 
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Spalling Crushing Buckling 
Figure B.15. Specimen CS5 (Left) 
   
Spalling Crushing Buckling 
Figure B.16. Specimen CS5 (Right) 
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Spalling Crushing Buckling 
Figure B.17. Specimen CS6 (Front) 
   
Spalling Crushing Buckling 
Figure B.18. Specimen CS6 (Back) 
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Spalling Crushing Buckling 
Figure B.19. Specimen CS6 (Left) 
No Picture 
  
Spalling Crushing Buckling 
Figure B.20. Specimen CS6 (Right) 
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Spalling Crushing Buckling 
Figure B.21. Specimen CS7 (Front) 
   
Spalling Crushing Buckling 
Figure B.22. Specimen CS7 (Back) 
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Spalling Crushing Buckling 
Figure B.23. Specimen CS7 (Left) 
No Picture 
  
Spalling Crushing Buckling 
Figure B.24. Specimen CS7 (Right) 
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Spalling Crushing Buckling 
Figure B.25. Specimen CS8 (Front) 
   
Spalling Crushing Buckling 
Figure B.26. Specimen CS8 (Back) 
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Spalling Crushing Buckling 
Figure B.27. Specimen CS8 (Left) 
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Spalling Crushing Buckling 
Figure B.28. Specimen CS8 (Right) 
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Spalling Crushing Buckling 
Figure B.29. Specimen CS9 (Front) 
   
Spalling Crushing Buckling 
Figure B.30. Specimen CS9 (Back) 
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Spalling Crushing Buckling 
Figure B.31. Specimen CS9 (Left) 
No Picture No Picture No Picture 
Spalling Crushing Buckling 
Figure B.32. Specimen CS9 (Right) 
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Spalling Crushing Buckling Crosstie Failure 
Figure B.33. Specimen CS10 (Front) 
    
Spalling Crushing Buckling Crosstie 
Figure B.34. Specimen CS10 (Back) 
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Spalling Crushing Buckling Crosstie 
Figure B.35. Specimen CS10 (Left) 
    
Spalling Crushing Buckling Crosstie 
Figure B.36. Specimen CS10 (Right) 
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Spalling Crushing Buckling Crosstie Failure 
Figure B.37. Specimen CS11 (Front) 
    
Spalling Crushing Buckling Crosstie 
Figure B.38. Specimen CS11 (Back) 
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Spalling Crushing Buckling Crosstie 
Figure B.39. Specimen CS11 (Left) 
    
Spalling Crushing Buckling Crosstie 
Figure B.40. Specimen CS11 (Right) 
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Spalling Crushing Buckling 
Figure B.41. Specimen CS12 (Front) 
   
Spalling Crushing Buckling 
Figure B.42. Specimen CS12 (Back) 
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Spalling Crushing Buckling 
Figure B.43. Specimen CS12 (Left) 
   
Spalling Crushing Buckling 
Figure B.44. Specimen CS12 (Right) 
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Spalling Crushing Buckling 
Figure B.45. Specimen CS13 (Front) 
   
Spalling Crushing Buckling 
Figure B.46. Specimen CS13 (Back) 
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Spalling Crushing Buckling 
Figure B.47. Specimen CS13 (Left) 
   
Spalling Crushing Buckling 
Figure B.48. Specimen CS13 (Right) 
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Spalling Crushing Buckling/Crosstie 
Figure B.49. Specimen CS14 (Front) 
   
Spalling Crushing Buckling/Crosstie 
Figure B.50. Specimen CS14 (Back) 
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Spalling Crushing Buckling/Crosstie 
Figure B.51. Specimen CS14 (Left) 
   
Spalling Crushing Buckling/Crosstie 
Figure B.52. Specimen CS14 (Right) 
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Spalling Crushing Buckling Crosstie Failure 
Figure B.53. Specimen CS15 (Front) 
    
Spalling Crushing Buckling Crosstie 
Figure B.54. Specimen CS15 (Back) 
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Spalling Crushing Buckling Crosstie 
Figure B.55. Specimen CS15 (Left) 
    
Spalling Crushing Buckling Crosstie 
Figure B.56. Specimen CS15 (Right) 
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Spalling Crushing Buckling Crosstie Failure 
Figure B.57. Specimen CS16 (Front) 
    
Spalling Crushing Buckling Crosstie 
Figure B.58. Specimen CS16 (Back) 
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Spalling Crushing Buckling Crosstie 
Figure B.59. Specimen CS16 (Left) 
    
Spalling Crushing Buckling Crosstie 
Figure B.60. Specimen CS16 (Right) 
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Spalling Crushing Buckling/Crosstie 
Figure B.61. Specimen CS17 (Front) 
   
Spalling Crushing Buckling/Crosstie 
Figure B.62. Specimen CS17 (Back) 
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Spalling Crushing Buckling/Crosstie 
Figure B.63. Specimen CS17 (Left) 
   
Spalling Crushing Buckling/Crosstie 
Figure B.64. Specimen CS17 (Right) 
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Spalling Crushing 
Figure B.65. Specimen CS18 (Front) 
  
Spalling Crushing 
Figure B.66. Specimen CS18 (Back) 
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Spalling Crushing 
Figure B.67. Specimen CS18 (Left) 
  
Spalling Crushing 
Figure B.68. Specimen CS18 (Right) 
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Spalling Crushing 
Figure B.69. Specimen CS19 (Front) 
  
Spalling Crushing 
Figure B.70. Specimen CS19 (Back) 
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Spalling Crushing 
Figure B.71. Specimen CS19 (Left) 
  
Spalling Crushing 
Figure B.72. Specimen CS19 (Right) 
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Spalling Crushing 
Figure B.73. Specimen CS20 (Front) 
  
Spalling Crushing 
Figure B.74. Specimen CS20 (Back) 
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Spalling Crushing 
Figure B.75. Specimen CS20 (Left) 
  
Spalling Crushing 
Figure B.76. Specimen CS20 (Right) 
  
492 
 
Appendix C: Loading Plate Photogrammetry, Potentiometer 
Selection, and Raw Data Adjustments 
This appendix presents the results of the loading plate photogrammetry, potentiometers selection, 
and adjustments to the raw data. The loading plate photogrammetry is described further in Section 
3.6.2, and helps to show that the specimens are loaded uniformly in the plane of the specimen. Note 
that this data is only available for specimens CS5 through CS20 when the system was implemented. It 
is also noted that the photogrammetry data is not complete for all specimens due to difficulties with 
the photogrammetry system (see Appendix A). Furthermore, the data does not compliment 
(quantitatively) the data collected using the string potentiometers (again due to issues with the 
photogrammetry system), but it can be used for relative comparison between the loading plate targets. 
Potentiometer selection was based on a comparison of the data from the left and right string 
potentiometers. Where both instruments provided reasonable results (i.e., no data oddities), an average 
of the two was used to develop the hysteresis response, which is assumed to approximate the 
deformation response along the center axis of the specimen. If one showed erroneous data, only the 
other was used in development of the hysteresis response. The response used in data analysis 
throughout this document is highlighted for each specimen. 
Lastly, plots are shown that compare the raw data before and after various data adjustments were 
made (see Section 4.1). This process was completed to eliminate load leveling at the beginning of each 
test, and to eliminate any offsets in the data acquisition system. 
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Figure C.1. Specimen CS1 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(c) 
Figure C.2. Specimen CS2 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(c) 
Figure C.3. Specimen CS4 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(c) 
Figure C.4. Specimen CS5 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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Figure C.5. Specimen CS6 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
 
-4 -2 0 2 4 6
-500
0
500
1000
Normalized Axial Disp., /L (%)
F
o
rc
e 
(k
ip
s)
CS6 Hysteretic Behavior (Step-Wise)
 
 
Left
Mid-Left
Mid-Right
Right
-1 -0.5 0 0.5 1 1.5 2
-400
-200
0
200
400
600
800
String Potentiometer Selection, Specimen CS6
Displacement (in)
L
o
ad
 (
k
ip
)
 
 
Left
Right
Average
-1 0 1 2 3
-400
-200
0
200
400
600
800
Data Adjustment, Specimen CS6
Displacement (in)
L
o
ad
 (
k
ip
)
 
 
Original Data
Adjusted Data
498 
 
  
(a) (b) 
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Figure C.6. Specimen CS7 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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Figure C.7. Specimen CS8 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(c) 
Figure C.8. Specimen CS9 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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Figure C.9. Specimen CS10 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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Figure C.10. Specimen CS11 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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Figure C.11. Specimen CS12 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.12. Specimen CS13 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.13. Specimen CS14 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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No Data 
 
(a) (b) 
 
(c) 
Figure C.14. Specimen CS15 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.15. Specimen CS16 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.16. Specimen CS17 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.17. Specimen CS18 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.18. Specimen CS19 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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(a) (b) 
 
(c) 
Figure C.19. Specimen CS20 (a) Loading Plate Photogrammetry, (b) String Potentiometer Selection, and (c) Raw Data 
Adjustments 
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Appendix D: Reduction from Hysteresis to Compressive Envelope 
of Confined Core 
This appendix presents the conversion from hysteresis to compressive envelope for each 
specimen, as described in Section 5.1.1. Furthermore, a comparison of the full compressive response 
envelope compared to the compressive envelope considering only the contribution of the concrete 
core is presented for each specimen (as described in Section 5.1.2). 
  
(a) (b) 
Figure D.1. Specimen CS1 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.2. Specimen CS2 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
 
No Data (Strain Gauge Failure) 
(a) (b) 
Figure D.3. Specimen CS4 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.4. Specimen CS5 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
(a) (b) 
Figure D.5. Specimen CS6 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.6. Specimen CS7 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
(a) (b) 
Figure D.7. Specimen CS8 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.8. Specimen CS9 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
(a) (b) 
Figure D.9. Specimen CS10 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.10. Specimen CS11 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
(a) (b) 
Figure D.11. Specimen CS12 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.12. Specimen CS13 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
(a) (b) 
Figure D.13. Specimen CS14 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.14. Specimen CS15 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
(a) (b) 
Figure D.15. Specimen CS16 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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(a) (b) 
Figure D.16. Specimen CS17 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
 
No Longitudinal Reinforcement 
(a) (b) 
Figure D.17. Specimen CS18 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
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No Longitudinal Reinforcement 
(a) (b) 
Figure D.18. Specimen CS19 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
 
No Longitudinal Reinforcement 
(a) (b) 
Figure D.19. Specimen CS20 (a) Hysteresis to Compressive Envelope and (b) Full vs. Concrete Core Response 
  
0 0.5 1 1.5 2 2.5 3
0
0.2
0.4
0.6
0.8
1
Normalized Axial Disp., /h
w
 (%)
N
o
rm
al
iz
ed
 A
x
ia
l 
C
o
re
 S
tr
es
s,
 P
c 
/
 (
A
co
re
*
f'
c)
0 1 2 3 4
0
0.2
0.4
0.6
0.8
1
Normalized Axial Disp., /h
w
 (%)
N
o
rm
al
iz
ed
 A
x
ia
l 
C
o
re
 S
tr
es
s,
 P
c 
/
 (
A
co
re
*
f'
c)
522 
 
Appendix E: Measured Displacement: Damage Region vs. Full 
Specimen Height 
This appendix presents comparisons of the displacement in the damage region (typically the top 
third of the specimen) as measured by string potentiometers on the back of the specimens (see Section 
3.6.1) to the displacement measured over the height of the specimens. In general, up to the buckling 
damage state (crushing for the specimens without longitudinal reinforcement), the measured 
displacement in the damage region was found to be nearly equivalent to that measured over the height 
of the specimen. Note that in specimens CS19 and CS20, the damage region was located in the bottom 
third of the specimen. In the case of the xSBE specimens (with overlapping hoops), the inelastic 
deformation in the damage region was slightly less than that of the overall height of the specimen, yet 
this damage region still encompassed the majority of the compression strain. These findings support 
the assertion in Section 6.3.2 of localized inelastic deformation, which is used to develop the predictive 
model for crushing energy. 
The opposite was observed in tension, where the displacement in the damage region was 
approximately 1/3 that of the displacement measured over the height of the specimen. This indicates 
that the tensile strain was more uniformly distributed over the height of the specimen; this finding is 
also supported by the uniform spacing of the tensile cracking, as described in Chapter 4. 
This system was implemented starting with specimen CS6, and therefore data for specimens prior 
to that is not available. 
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Figure E.1. Specimen CS6 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.2. Specimen CS7 Measured Displacement in the Damage Zone vs. Over the Full Height 
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Figure E.3. Specimen CS8 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.4. Specimen CS9 Measured Displacement in the Damage Zone vs. Over the Full Height 
-1 -0.5 0 0.5 1 1.5
-300
-200
-100
0
100
200
300
400
500
Specimen CS8
Displacement (in)
L
o
ad
 (
k
ip
)
 
 
Buckling
Full Height
Damage Zone
0 0.2 0.4 0.6 0.8 1
0
100
200
300
400
500
Specimen CS9
Displacement (in)
L
o
ad
 (
k
ip
)
 
 
Buckling
Full Height
Damage Zone
525 
 
 
Figure E.5. Specimen CS10 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.6. Specimen CS11 Measured Displacement in the Damage Zone vs. Over the Full Height 
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Figure E.7. Specimen CS12 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.8. Specimen CS13 Measured Displacement in the Damage Zone vs. Over the Full Height 
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Figure E.9. Specimen CS14 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.10. Specimen CS15 Measured Displacement in the Damage Zone vs. Over the Full Height 
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Figure E.11. Specimen CS16 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.12. Specimen CS17 Measured Displacement in the Damage Zone vs. Over the Full Height 
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Figure E.13. Specimen CS18 Measured Displacement in the Damage Zone vs. Over the Full Height 
 
Figure E.14. Specimen CS19 Measured Displacement in the Damage Zone vs. Over the Full Height 
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Figure E.15. Specimen CS20 Measured Displacement in the Damage Zone vs. Over the Full Height 
-0.5 0 0.5 1 1.5 2
0
100
200
300
400
500
600
Specimen CS20
Displacement (in)
L
o
ad
 (
k
ip
)
 
 
Crushing
Full Height
Damage Zone
